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Abstract
The liveliness of the floor system at the Imperial Centre due to vibration is well known.
The magnitude of the floor vibration is unknown and is caused by pedestrian activity.
This raises questions about structural performance and serviceability for longevity and
future use. This project assesses the serviceability of two supermarket floor systems by
implementing a range of existing design procedures developed primarily for pedestrian
activity on foot bridges. The validity of these procedures on supermarket floor systems
is investigated. Erina Fair is not known to be lively and is used only for comparison.
Determination of the dynamic behaviour of floor systems in service is quite complex.
In this project, an actual measured response is obtained from the modal testing of two
supermarket floor systems, whereas the numerical response is predicted using finite
element modelling. The measured responses obtained from the Imperial Centre and
Erina Fair are compared to the predicted numerical responses obtained from the finite
element modelling to validate the excitation models and propose a new model, and to
assess the serviceability of the floor systems. Further work includes long term vibration
monitoring for trends and loading patterns in supermarket floor systems to build upon
the suggested model.
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Chapter 1
Introduction
Modern engineers are designing structures with lightweight high strength materials,
creating a slender structure, and thus creating structures more susceptible to vibration
problems. These slender structures are built to span further and minimise wasted space
in communities growing in density. Structures under various actions with vibrations
perceptible to the occupants can cause discomfort and raise questions about it’s fitness
to fulfill the intended purpose. In rare cases failure has occured due to resonance
caused by dynamic loading. Rectification of floor vibration problems after construction
is completed is an expensive exercise, so identification of any potential problems during
the design stage is critical.
Floor vibration problems typically occur when the walking frequency of pedestrians
match the natural frequency of the floor system and resonance occurs. Resonance
is a critical issue in floor structures (DeSilva 2006) and resulted in structural failure
when the walkway at the Kansas City Hyatt Regency Hotel collapsed (McGrath &
Foote n.d.). Australian Standard AS1170.1-2002 Structural Design Actions; Perma-
nent and Imposed Actions gives little reference to problems relating to dynamically
imposed actions on structures. AS1170.1-2002 vaguely mentions that further analysis
may be required without giving any advice or guidance. The live loads or imposed
actions in AS1170.1-2002 are equivalent static pressure models which have been used
for many years, however it is evident from the problematic floor structures, the subject
of recent research (Hanagan 2005), that imposed actions on certain floor structures
require more than a simplified equivalent static pressure model to accurately represent
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their structural behaviour in service. Dynamic models for vibration serviceability are
more suited to these problematic floor structures. Existing design procedures for mod-
elling foot traffic, where some procedures are more recent than others, generally present
vibration serviceability in a simplified manner by applying simulated walking forces to
a numerical model of the dynamic floor system and comparing the numerical dynamic
response of the system to established levels of acceptability, a task that is the subject
of recent research. The numerical model is expected to predict better performance.
The liveliness of the floor system at the Imperial Centre due to vibration is well known.
The magnitude of the floor vibration is unknown and is caused by human activity. This
raises questions about structural performance and serviceability for longevity and future
use. This comprehensive research project assesses the serviceability of two supermarket
floor systems at the Imperial Centre in Gosford, and Erina Fair in Erina, in Figure
1.1, by implementing existing design procedures, and investigates the validity of these
procedures on supermarket floor systems. Erina Fair is not known to be lively and is
used only for comparison.
Determination of the dynamic behaviour of floor systems in service is quite complex.
In this project, an actual measured response is obtained from the modal testing of the
two supermarket floor systems, whereas the numerical response is predicted using finite
element modelling. The measured responses obtained from the Imperial Centre and
Erina Fair are compared to the predicted numerical responses obtained from the finite
element modelling to validate the excitation models and to assess the serviceability of
the floor systems. The Imperial Centre is a composite concrete on steel deck structure
in Figure 1.2, and Erina Fair is a monolithic reinforced concrete floor structure in
Figure 1.3. Both floor systems are subjected to similar human-induced actions from
foot traffic, wheeled trolleys and handling of bulk goods.
1.1 Scope and Objective
The scope of this research is to build an enhanced understanding of the vibration
behaviour of supermarket floor systems by full scale in-situ testing of two supermarket
floor systems in service. The aim is to quantify the level of vibration at the Imperial
Centre, and accurately represent typical actions encountered in a supermarket with a
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Figure 1.1: Location of subject supermarket floors (Source: Google Maps)
Figure 1.2: Composite floor system at the Imperial Centre
1.1 Scope and Objective 4
Figure 1.3: Reinforced concrete floor system at Erina Fair
suitable excitation model. The existing time domain procedures within ISO 10137, Steel
Construction Institute Publication P354, French Setra Guide, UK National Annex to
Eurocode 1, and the existing frequency domain procedures by Brownjohn et al. (2004),
and Ingolfsson and Georgakis (2008a and 2008b) are assessed to accurately represent
actions in a supermarket, and if necessary modifications will made to these models.
The scope and specific objectives are;
1. To build an enhanced understanding of the vibration characteristics of supermar-
ket floor systems by full scale in-situ testing of two supermarket floor systems in
service.
2. To quantify the level of vibration at the Imperial Centre and assess the floor
systems serviceability.
3. To perform and compare experimental modal analysis and operational modal
analysis of full-scale in-situ supermarket floor systems while implementing a low
cost data acquisition and system identification system.
4. To develop comprehensive and calibrated Finite Element Models (FEM’s) of su-
permarket floor systems in service.
5. Critically review and assess the validity of existing design procedures to model
human-induced dynamic actions typically encountered within supermarkets.
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1.2 Overview of the Report
This report is organized as follows:
Chapter 1 The dynamics problem is introduced. The scope and objectives are defined
for this research project.
Chapter 2 A detailed literature review of past and current research with methods
of full-scale in-situ dynamic testing, system identification and model updating is
provided. A review of literature containing excitation, sensing, data acquisition,
data processing and model updating techniques is presented.
Chapter 3 The research methodology followed throughout the experimentation to
meet the aims and objectives of this research project is presented in this chapter.
Chapter 4 Modal testing and system identification of the two supermarket floor sys-
tems is presented in this chapter.
Chapter 5 Initial finite element models based on site measurements and design draw-
ings are developed. The initial finite element models are calibrated using the
modal parameters extracted in Chapter 4 and are presented as updated finite
element models.
Chapter 6 The vibration serviceability of the floor systems is assessed. Existing de-
sign procedures and excitation models are implemented and modified where nec-
essary, in order to provide a closer estimation of actions within a supermarket.
Chapter 7 Conclusions are made and further work is identified.
Chapter 2
Literature Review
2.1 Chapter Overview
A range of research and literature relating to modal testing and analysis of structures
is available. Literature relevant to this research contains the estimation of dynamic
properties by modal testing and system identification, finite element models and model
updating, pedestrian traffic excitation models and modelling procedures. The rele-
vant research has been carried out by numerous researchers on floors, road and foot
bridges, stadia, stairs and many others structures subject to a range of loading con-
ditions, including pedestrian traffic. This chapter will begin by reviewing literature
related to modal testing and system identification using Experimental Modal Analysis
(EMA) with the frequency response function, and Operational Modal Analysis (OMA)
with the Auto-Spectral Density (ASD) or Power-Spectral Density (PSD). A review
is provided on system identification using the peak picking (PP) method, half power
bandwidth method and the frequency domain decomposition (FDD) method. A review
of literature containing sensing, data processing, and quality control of experiments,
finite element models and approaches to model updating. A review of current litera-
ture presenting design and modelling methods for excitation and structural response is
provided. Finally this chapter summarises the gap in knowledge and the contribution
this research will provide in the area of floor vibrations in supermarket floor systems.
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2.2 Modal Testing and System Identification
Modal testing and system identification is carried out on structures to determine the
modal characteristics such as natural frequency, mode shape and damping (Ewins 2000).
Modal characteristics vary in all structures and is uncertain unless modal analysis is
carried out (Omenzetter, Beskhyroun, Shabbir, Chen, Chen, Wang & Zha 2013). The
damping ratio can be one of the most uncertain estimates in designing for dynamic
loading (Omenzetter et al. 2013). Three major forms of dynamic tests are available,
and are classified depending on the source of excitation. They are the forced vibra-
tion test, ambient vibration test and free vibration test (Ewins 2000). Experimental
modal analysis using forced vibration test, and operational modal analysis using the
ambient vibration test is used in this research to identify the modal properties of full-
scale in-service supermarket floor systems. The main components of modal testing are
excitation, sensing, data acquisition and data processing (Omenzetter et al. 2013).
Experimental modal analysis (EMA) has been carried out by Barrett (2006), Omen-
zetter et al. (2013) and DeSilva (2006) to name only a few. The only literature found
containing vibration analysis on a shopping centre floor system is by Pernica & Allen
(1982), where a series of unmeasured heel drops and ”walk pasts” were used to estimate
the modal properties of the floor system and categorize the peak accelerations encoun-
tered as a percentage of gravity (Pernica & Allen 1982). The floor was considered
”reasonable” and no quantification of the vibration source was attempted. Current
output only operational modal analysis (OMA) has been carried out by Omenzetter
et al. (2013), Yousaf (2007) and Vu, Thomas, Lakis & Marcouiller (2006) with varying
degrees of accuracy.
2.2.1 Experimental Modal Analysis of Floor Systems
By measuring the input excitation and output response of floor systems with full-scale
EMA an accurate description of the dynamic properties of supermarket floor systems
in service are determined. Full-scale EMA by forced vibration tests are accomplished
by exciting the structure with a measured input force and measuring the output vibra-
tion response. The input force time history and output acceleration time history are
acquired in the time domain and processed or converted into the frequency domain by
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spectral analysis to form a Frequency Response Function (FRF). The FRF is further
processed to estimate the natural frequency, mode shapes and damping ratio of the
structural system (Ewins 2000), (Omenzetter et al. 2013), (Barrett 2006). Structural
systems can be excited by modal shaker, instrumented impact hammer or instrumented
heel drop.
Modal shakers can provide excitation by inducing a force at known frequencies or fre-
quency bands (Omenzetter et al 2013). Swept sine or chirp signal, continuous chirp
or burst chirp signal are typically used to introduce a known forcing function into the
system for a higher signal to noise ratio (Barrett 2006). The most expensive piece
of equipment, the modal shaker (Barrett 2006) is not considered any further in this
research due to budget restrictions. In Reynolds and Pavic (2000b) critical comparison
of the impulse hammer to a modal shaker for modal testing of building floors the im-
pulse hammer is suggested as a ’cheap starter’ but the shaker provides higher quality
data suitable for research applications. The instrumented heel drop, like the impulse
hammer, introduces a form of broadband excitation or impulse into the floor system.
The unmeasured heel drop, originally introduced by Murray (1975), is an impact ex-
citation force introduced by a person standing in a location, rising onto their toes by
approximately 5 centimeters and suddenly relaxing to allow their full weight to free-fall
and strike the floor with their heels. Blakeborough and Williams (2002) introduced the
instrumented heel drop test, rectifying the problem of unreferenced and unmeasured
input impulses with the standard heel drop test by Murray (1975). The traditional heel
drop test is now an oversimplified method that gives a generic triangular impulse of
2670 Newtons for 0.05 seconds, and it is difficult to achieve exactly the same heel drop
multiple times (Barrett 2006), although Blakeborough and Williams (2003) found that
this was a good estimate when compared with their measured heel drops, the impulse
can change from test to test, changing with the weight of the tester and the height of
the heel drop. Blakeborough and Williams (2003) found that the instrumented heel
drop test gives better coherence in the 2 to 15Hz frequency range and shorter testing
times when compared with data from an impact hammer. The coherence of the in-
strumented heel drop test was ’almost perfect’, whereas the impact hammer gives poor
data, spurious FRF peaks and poor coherence at frequencies below 4 Hz. Hanagan et
al (2003) also concluded that the instrumented heel drop yielded high quality data and
served as a good alternative to a shaker when cost and portability are a restraint.
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The advantage of using the tried and tested EMA is that the input into the system is
measured and known. With a known input force and output response the tranfer func-
tion is highly accurate when proper quality control measures are adopted. Extraction of
modal data from the transfer function will provide the most accurate estimates of nat-
ural frequency, mode shapes and damping ratio. The disadvantage with experimental
modal analysis is that the entire extent of the structural floor system has to be closed to
avoid any unknown input forces being introduced into the system. Noise and unknown
inputs can be cancelled out by averaging multiple measurements, however unknown
discrepancies still exist in the resulting FRF’s and may result in poor coherence within
the data. Although shaker excitation is clearly the excitation source of choice for many
experimentalists (Barrett 2006), (Omenzetter et al. 2013), (Reynolds and Pavic 2000a
and 2000b) (Ewins 2000) (Hannagan et al 2003), due to cost restraints and expected
accuracy this research will use the recommended alternative source of excitation, the
instrumented heel drop.
Spectral Analysis and the Frequency Response Function
Dynamic parameters of floor structures can be estimated by recording the acceleration
response and input excitation in the time domain and converting into the frequency
domain by spectral analysis. The Frequency Response Function (FRF), a transfer func-
tion, is the ratio of the acceleration response to input force in the frequency domain
(Ewins 2000), (Omenzetter et al. 2013), (Barrett 2006). Frequency Response Func-
tions and Power Spectra are commonly used for analysis of structural systems and
identification of modal parameters in the frequency domain (Ewins 2000).
To form a frequency response function the time history response is transformed from the
time domain into the frequency domain by spectral analysis. For spectral analysis by
Fourier analysis it is assumed that the time history signal is a Fourier series represented
by a series of sine and cosine signals (Ewins 2000), (Omenzetter et al. 2013), (Barrett
2006). The general frequency response function H(ω)is defined as response per unit
input (Ewins, 2000) (Barrett, 2006);
H(ω) =
X(ω)
F (ω)
(2.1)
Where X(ω) is the response and F(ω) is the input excitation. The circular frequency
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ω is in radians per second and is interchangeable with the cyclical frequency f in
cycles/second or Hertz. For simplicity within formulations the circular frequency ω in
radians per second is used to match the units within texts such as Ewins (2000), the
final FRF curves are converted to frequency f in Hertz by multiplying by 2pi for ease
of comparison with finite element models.
The accelerance frequency response function A(ω)is of interest and used throughout
this research project, which is;
A(ω) =
X¨(ω)
F (ω)
(2.2)
Where X¨(ω) is the acceleration response in the frequency domain and F (ω) is the input
force in the frequency domain. Structural floor systems can be represented by a multi-
degree of freedom system. So a matrix of frequency response functions are determined
[A(ω)]. Each term in the FRF matrix is a complex function in the frequency domain
representing the response per unit force relationship between two degrees of freedom on
the structure. Aik is the accelerance FRF matrix. Where i is the output acceleration
response location and k is the input force location. This is represented as follows;
A(ω) =
X¨i(ω)
Fk(ω)
=
ai(ω)
Fk(ω)
(2.3)
And in matrix form;
Aik(ω) = 
A11(ω) A12(ω) ... A1k(ω)
A21(ω) A22(ω) ... ...
A31(ω) ... A33(ω) ...
... ... ... Aik(ω)

A single term from the FRF matrix is (Barrett 2006) (Ewins 2000);
Aik(ω) =
ai(ω)
Fk(ω)
=
R∑
r=1
−ω2(Φir)(Φkr)/mr
(ω2r − ω2) + j(2βrωrω)
(2.4)
Where R is the number of modes,
ωr is the natural frequency in radians per second of the r
th mode,
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mr is the modal mass of the r
th mode,
βr is the modal damping ratio of the r
th mode,
Φir and Φkr are the corresponding i or k DOF term of the r
th mode shape.
This expression is in the form that assumes viscous damping, referring to Ewins (2000)
will show that other general forms accommodating other damping models are available.
For any continuous acceleration time signal x¨(t) it’s Fourier transform is (Omenzetter
et al, 2013) (Barrett, 2006) (Ewins 2000);
X¨(ω) =
∫ +∞
−∞
x¨(t)e−jωt, dt (2.5)
where X(ω) is the Fourier transform of x¨(t) and j is the imaginary unit
√−1.
The inverse Fourier transform is (Omenzetter et al, 2013) (Barrett, 2006) (Ewins 2000);
x¨(t) =
∫ +∞
−∞
X¨(ω)ejωt, dω (2.6)
Using an infinite time signal it is practically impossible to work with so the problem is
simplified by using only a block of time. The signal within the block is assumed to be
periodic and is sampled a finite number of times at discrete increments. By the process
of discretisation a discrete fourier transform (DFT) can then be used for analysis to take
advantage of the speed of the Fast Fourier Transform (FFT) (Omenzetter et al, 2013)
(Barrett 2006) (Ewins 2000). As stated previously the accelerance FRF is of interest in
this research. The data is converted from the time domain into the frequency domain
using the Fast Fourier Transform (FFT), the FFT of each time history is;
FFTx(ω) = the FFT of the acceleration response time history
FFTf (ω) = the FFT of the input force time history
FFT ∗x (ω) = the complex conjugate of FFTx(ω)
FFT ∗f (ω) = the complex conjugate of FFTf (ω)
The cross spectral density (CSD) of acceleration response and the input force is;
Sxf = FFT
∗
f (ω) ∗ FFTx(ω) (2.7)
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And it’s complex conjugate is;
Sfx = S
∗
xf
(2.8)
The auto spectral density (ASD) of acceleration response Sxx and the input force Sff
is;
Sxx = FFT
∗
x (ω) ∗ FFTx(ω)
Sff = FFT
∗
f (ω) ∗ FFTf (ω)
(2.9)
Two forms of the Frequency Response Function are then computed (Omenzetter et al.
2013) (Ewins 2000);
H1(ω) = A1(ω) =
Sfx
Sff
(2.10)
H2(ω) = A2(ω) =
Sxx
Sxf
(2.11)
The coherence according to Barrett (2006) is;
γ2 =
|Sxf |2
SxxSff
(2.12)
The coherence is a measure of linear depedence between acceleration response and input
excitation. The closer the value is to unity the more accurate the results. That is, a
coherence of 0 indicates no correlation and a coherence of 1 shows complete correlation
between input excitation and the output response. In practice a coherence of 1 is
nearly impossible to achieve, hence in forced vibration testing a coherence above 0.9 is
typically aimed for (Omenzetter et al 2013) (Barrett 2006) (Ewins 2000).
2.2.2 Operational Modal Analysis of Floor Systems
OMA is an output only form of analysis, acceleration response is the only measured
data. By measuring and analysing only the dynamic response of the floor system and
assuming the input excitation is a stationary uncorrelated white noise process, OMA
of full scale structures can estimate the dynamic properties of floor systems in service
with varying degrees of accuracy depending on the analysis methods used (Omenzetter
et al. 2013). Spectral analysis is performed on the output vibration of the structural
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system to obtain the Auto-Spectral Density (ASD) and Power Spectral Density (PSD)
of the acceleration response. The ASD or PSD of the acceleration response is used in-
lieu of the FRF developed in forced vibration tests. Ambient vibration testing can lead
to accurate estimates of natural frequency, mode shapes, and with varying accuracy
the damping ratio. This can be accomplished quickly with little cost and disruption to
normal operating conditions (Omenzetter et al. 2013).
Research containing ambient vibration tests on structures excited by foot traffic, wheeled
traffic, wind and seismic actions are all relevant to this research because they all share
the relationship that the source of input is an ambient white noise process (Omenzetter
et al. 2013) (Zivanovic, Pavic & Ingolfsson 2010). The methods and handling of out-
put only response data in structures subject to wind and seismic actions can also be
adopted in structures subject to random human-induced vibrations. Ambient white-
noise excitation can be considered true for most structures and has been successfully
applied to foot bridges by Zivanovic et al. (2010) and Omenzetter et al. (2013) as well as
road bridges by Omenzetter et al. (2013) where the extracted modal parameters from
the ambient vibration test and forced vibration test were similar, however Zivanovic
et al (2010) found a small difference in natural frequency due to the presence of the
additional modal mass from the pedestrian weight. The presence of pedestrians during
modal testing represents the true modal properties during service. The ambient white-
noise input assumption will be tested on typical operations within a supermarket. By
considering the operations within a supermarket to be ambient excitation, the vibration
response data alone from the structure can be used to estimate the dynamic parameters
of the system. Output only OMA methods are becoming increasingly popular because
no special forcing equipment is required and the ambient excitation is a true loading
condition encountered in the structure. For large structures, ambient excitation is often
the only practical choice (Omenzetter et al. 2013).
The advantages of using operational modal analysis procedures is that it is a low cost
solution, with minimal disruption to normal operating conditions and extracted modal
parameters are representative of the structure in service conditions. Modal shakers,
impact hammers and other instrumented excitation equipment can cost considerable
amounts with a modal shaker being the most expensive piece of equipment (Barrett,
2006). Normal services and traffic flow are not disrupted because the floor structure is
not shut down for EMA techniques. The disadvantage or limitation with operational
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modal analysis is the actual unknown input force. The assumption that the input is
a random white noise process is usually a fairly accurate assumption, however if this
assumption is not true, the identified modal parameters will have errors.
Spectral Analysis and Power Spectral Density
For ambient vibration test the acceleration response in the time domain is converted
into the frequency domain by spectral analysis to obtain the Power Spectral Density
(PSD), and the Auto-Spectral Density (ASD), which is also referred to as the cross
power spectral density.
By spectral analysis of the time history signal the PSD is estimated. The PSD of
acceleration response Pxx is;
Pxx = [FFTx(ω)]
2 (2.13)
From this estimate the peaks in the PSD curve show the natural frequency of the
system.
By assuming the input into the system is Gaussian white noise, the PSD can be used
as an approximation to the FRF function and the structural floor system can be rep-
resented by a multi-degree of freedom system by a matrix of PSD curves. Each term
in the matrix is a complex function in the frequency domain (Yousaf 2007).
2.3 System Identification and Estimation of Modal Prop-
erties
2.3.1 Peak Picking Method
The peak picking method is simply picking the resonance peaks from the FRF plot
extracted from forced vibration tests, or by picking the peaks from the PSD/ASD plot
in ambient vibration tests. By picking the resonance peaks of the FRF and PSD/ASD
plots, the modal frequencies are identified (Omenzetter et al).
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2.3.2 Half Power Bandwidth Method
The Half Power Bandwidth Method used by Omenzetter et al (2013), Barrett (2006)
and derived in Chopra (1995) is a simple and straight forward method of calculating
damping ratios directly from the FRF plot (Omenzetter et al 2013). The method
is based on the properties of a resonance peak on the FRF, where the half-power
bandwidth is the width of the FRF at 1√
2
of the peak amplitude at resonance fr. The
damping ratio from the half power bandwidth method is;
βr =
fb − fa
2fr
(2.14)
Barrett (2006) and Omenzetter et al (2013) reported that the best measurements to
use are the driving point FRFs with good resolution and correlation in the response
curves.
2.3.3 Frequency Domain Decomposition and Enhanced Frequency Do-
main Decomposition
The frequency domain decomposition (FDD) technique by Brincker, Zhang & Andersen
(2009) is an easy to use method that identifies the mode shapes by locating the peaks
in a singular value decomposition plot of the auto-spectral density and cross spectral
density of response vibrations (Omenzetter et al. 2013). FDD only calculates mode
shapes and the natural frequency where the accuracy depends on the resolution of the
FFT. The Enhanced Frequency Domain Decomposition (EFDD) by Jacobsen, Andersen
& Brincker (2007) technique gives an improved estimate of natural frequency and mode
shape and also provides a damping estimate (Omenzetter et al. 2013). EFDD was
successfully applied, with varying degrees of accuracy, to the full scale modal testing
of bridge structures by Omenzetter et al. (2013).
2.4 Sensing
Sensing solutions using force transducers, accelerometers, combined force and acceler-
ation sensors in the form of an impedance heads, rotational sensors and many com-
binations are available (Ewins 2000). This research will use accelerometers and force
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transducers to measure the input and output during modal testing. A detailed scope
and proper application of other sensors can be found in texts such as Ewins (2000).
The range of accelerometers and their manufacturers is wide, each accelerometer and
it’s manufacturer has it’s own set of advantages and limitations. The piezoelectric
transducer, such as those available from PCB Piezotronics and Omega Engineering are
the most popular and widely used means of measuring modal parameters (Ewins 2000).
However this research will take advantage of the increasingly popular and more readily
available Micro Electro Mechanical Systems (MEMS) based accelerometers (Haritos
2009), (Beskhyroun & Ma 2012). PCB Piezotronics, SensR, Phidgets and Gulf Coast
Data Concepts each offer there own range of MEMS accelerometers. A qualitative and
comparative analysis of accelerometers is provided by Haritos (2009) and Beskhyroun
& Ma (2012).
2.5 Data Processing
Data can be processed using software provided by the manufacturers of modal testing
systems and other commercial suppliers of such software. Matlab (2013) toolboxes
are also available for data processing, such as open source Matlab (2013) toolboxes
EasyMOD (Kouroussis, Fekih, Conti & Verlinden 2012a) and Engineering Vibration
Toolbox (Slater 2014) or commercial toolboxes such as SDTools (Philippe & Balmes
2013) and Macec (Reynders, Schevenels & Roeck 2011). Processing modal data in
Matlab has been carried out by Beskhyroun & Ma (2012), (Omenzetter et al. 2013),
Ojeda (2012), Kouroussis, Fekih, Conti & Verlinden (2012b), Bosco (2012), and Gomaa,
Tayel, Kandil & Hekal (2012).
2.6 Quality of Experiments and Data
A literature review on quality assurance methods and control of modal testing data was
conducted. Prior to collecting data or conducting any experiments a clear benchmark
of quality assurance is to be established and should be followed throughout each modal
testing project. Reynolds and Pavic (2000a) present a tried and tested guideline to aid
in the aquisition of high quality modal testing data. The guideline is aimed at full-scale
testing of floor structures and is followed throughout this research project.
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2.7 Finite Element Models and Model Updating
Finite Element Models (FEM’s) are developed to numerically simulate the response of
structures to given loading conditions. The predicted numerical response from initial
FEM’s and the measured response in final constructed systems will contain discrepan-
cies. These differences are mainly caused by inaccurate assumed physical properties,
discretization errors, inaccurate boundary conditions, and inaccurate spatial properties
of members. To minimise the error between the simulated response and the experi-
mental response of the real structure, model updating methods are used to calibrate
the uncertain parameters in the FEM. Finite element modelling and updating has been
carried out recently by Omenzetter et al. (2013), Barrett (2006), and DeSilva (2006).
Omenzetter et al. (2013) modelled a range of bridges of both monolithic concrete con-
struction modelled as concrete elements in ANSYS, and composite steel-concrete con-
struction modelled as transformed equivalent beam elements in SAP2000 with good
correlation between real and observed measurements in the initial FE model. Bar-
rett (2006) modelled a 3D office floor structure, also in SAP2000, constructed with
a composite concrete slab poured on a steel deck using beam elements and assigning
transformed equivalent composite cross-sectional properties by the methods described
in AISC/CISC Design Guide 11. Barrett (2006) found the initial FE model using the
equivalent cross-section method was close to the real responses observed from forced
vibration tests with shaker excitation. DeSilva (2006) modelled composite office floor
structures with a layered approach using brick and plate elements for the two seperate
materials and comparing to the simplified plate element using Abaqus solvers. The
shapes for the first two modes were the same but the frequencies calculated were differ-
ent, all subsequent mode shapes and natural frequency were different. No mode shapes
were calculated from the experimental results to prove which was the correct shape,
the equivalent plate elements were discarded and the layered models were calibrated
to suit the frequency obtained from experimental results. This research will use beam
elements for all steel beams, plate elements by the equivalent cross-section method to
model composite floor elements, and beam and plate elements to model monolithic
reinforced concrete elements.
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2.7.1 Approaches to Model Updating
FEM’s can be calibrated by traditional manual updating or by contemporary methods
such as the Sensitivity Method (SM) (Yu, Taciroglu & Wallace 2007), (Brownjohn &
Xia 2000), a local optimisation method, or the Global Optimisation Algorithm (GOA)
method (Bakir, Reynders & Roeck 2008). Omenzetter et al. (2013) successfully applied
and evaluated a range of contemporary updating methods in their research on bridge
structures. The programming to develop these methods in Matlab is time consuming,
so only the manual method of model updating is used in this research. The manual
method of updating involves changing the dynamic parameters by trial and error until
the numerical natural frequency, mode shape, damping ratio and response match the
results obtained from modal analysis.
2.8 Current Excitation Models and Design Methods
A large amount of research has been devoted to modelling pedestrian-induced dynamic
loading and predicting the corresponding vibration response of floors and footbridges.
Five scenarios of excitation, as described by Zivanovic et al (2010) are imposed actions
from;
1. single person loading
2. normal spatially unrestricted traffic
3. crowd loading
4. group loading
5. vandal loading
Single loading as the name suggests is the imposed actions induced by a single person.
Normal spatially unrestricted traffic is the imposed actions induced by traffic where
individuals are free to walk anywhere within the bridge boundaries. ”Normal” traffic
refers to ”multi-person traffic” at a maximum density of 0.3 people/m2 (Zivanovic
et al. 2010). This can be applied to most floor structures, including supermarket floors
since pedestrian traffic is free to move spatially within the supermarket. The only
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possible exception is that the arranged isles of shelves restrict the pedestrians to within
the isle boundaries similar to handrails on a pedestrian bridge. Crowd loading refers to
high density pedestrian traffic, this usually refers to concerts and similar, however the
density of the crowds in shopping centres and supermarkets could approach this value.
The walking of an individual is spatially restricted because of the close proximity of
other pedestrians. Vandal loading is the identification of liveliness in the structure by an
individual pedestrian or group of pedestrians and deliberately exciting the structure by
jumping, bobbing or bending knees or by running back and forth. A supermarket floor
structures will encounter single person loading, normal spatially unrestricted traffic,
crowd loading and possibly vandal loading.
2.8.1 Design Procedures
A literature review reveals that Zivanovic et al. (2010) provided a comprehensive review
of existing design procedures provided in Euorcode 5, ISO 10137, French Setra Guide-
line, the UK National Annex to Eurocode 1, and methods developed by Brownjohn et
al (2004), Butz (2006, 2008a), and a Response Spectrum Method (Georgakis and In-
golfsson, 2008; Ingolfsson et al 2008) by comparing the numerical acceleration responses
to the measured acceleration response of two foot bridges. The two bridge structures
were excited by spatially unrestricted pedestrian traffic. It was concluded by Zivanovic
et al. (2010) that the procedures found in Eurocode 5 and ISO 10137 are outdated and
oversimplified. The two methods model multi-person traffic as a ’smaller number of
perfectly correlated people’ and does not provide an accurate estimate of the response
encountered in foot-bridges. However ISO 10137 was updated in 2012 to accommodate
Zivanovic et al. (2010) recommendations. The publication AISC/CISC Design Guide
11: Vibrations Due to Human Activity (AISC/CISC DG11, 1997) contains simplified
procedures based on single-person loading to predict the peak acceleration and evalu-
ate it against human tolerance levels (Barrett 2006). The acceptable human tolerance
levels are of interest to this research. The Steel Construction Institute Publication
P354 (SCI 2009) is a more comprehensive treatment of floor vibrations compared to
AISC/CISC DG11 (1997). Newer methods such as the French Setra Guideline and the
UK National Annex to Eurocode 1 are time domain methods that present the load
as a dynamic pressure model, as opposed to the static pressure models in AS1170.2.
Zivanovic et al. (2010) reported that the French Setra model, which was developed
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with 500 simulations under laboratory conditions, deals with multi-pedestrian traffic
flow but does not deal with a continuous random flow of traffic. Of all the time domain
Fourier techniques the UK National Annex to Eurocode 1 was the only model to deal
with a continuous stream of traffic, allowing for damping effects of pedestrians and was
the closest representation of multi-person traffic in the study (Zivanovic et al 2010).
Butz (2008), Brownjohn et al. (2004), and the Response Spectrum Method (Georgakis
and Ingolfsson, 2008; Ingolfsson et al 2008) are frequency domain based representations
of multi-person traffic. These methods were reviewed by Zivanovic et al. (2010) and
found to be based on extensive numerical simulations that ’take into account various
structural and traffic parameters to the vibration response’.
The time domain methods in SCI P354, UK National Annex to Eurocode 1, French
Setra Guide and each of the frequency domain methods are evaluated in this research
project. The AISC/CISC method involving single person loading, and the simplified
procedures adapted to multi-person traffic are already well researched and found to be
an unsuitable method for accurately modelling the response of floor systems excited by
multi-person pedestrian traffic.
Australian Standards
Australian Standard AS2670 provides guidance on the evaluation of human exposure
to whole body vibration, it is adapted from ISO 2631.1 Human Exposure to Whole
Body Vibration. The standard looks at vibrations from a health and safety point. ISO
10137, AISC/CISC DG11 and SCI P354 provide recommended peak acceleration limits
for human comfort. These limits are developed from extensive research and studies
on human perceptibility of vibrations. Barrett (2006) concluded that the tolerance
and perception levels in AISC/CISC DG11 are still relevant guides for serviceability
limits. AS1170.1-2002 notes in Section 3.1(b) that ’the imposed actions have sufficient
allowance for the effect of vertical impact arising from usual movement of people and
shifting of furniture. This allowance does not cover the effects of highly active crowds.
This is a rather loose statement open to interpretation from different readers and does
not take into account the spatial and modal properties of floor structures. Crowd
loading in supermarkets may not be as ’active’ as a concert hall or gymnasium, however
no reference to what constitutes ’highly active’ is made. This loose coverage of the
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dynamic actions is inadequate for checking the strength and serviceability of structures.
A clear need for research of dynamic actions for inclusion AS1170.1 is required.
2.9 Chapter Summary and the Need for Research
The presented literature review has documented that modal testing of bridges, floors
and many other floor type structures subject to excitation from foot traffic has been
carried out in the past. Much of this research has identified resonant frequencies, modal
parameters, damping estimates and sources of excitation for the subject structures,
some presented methods of best practice for modal testing, and comparisons of different
testing techniques.
Minimum research comparing traditional Experimental Modal Testing techniques with
up-to-date Operational Modal Testing techniques has been found. Some limitations
and biased opinions exist between the two methods. There is a clear need for a crit-
ical evaluation and comparison between the two methods, since OMA techniques are
becoming more popular due to the obvious advantages of being more time efficient
and a cheaper method of testing without the need to close the structure to traffic.
The excitation source is true to the operating conditions and true to the modal mass
and the strain levels encountered in the system. This research will present a detailed
comparison between the two methods of modal testing.
It is obvious by comparing the opinions of Hanagan et al (2003) and Barrett (2006)
that biases towards quality of modal testing data from certain testing methods exist
and the only true way to yield high quality modal parameters is through adopting
quality assurance procedures, such as those outlined by Pavic and Reynolds (2000a)
and to a limited extent Barrett (2006). Addressing these biases and opinions are beyond
the scope of this research since no modal shaker or related expensive data aquisition
system is available to the researcher at the time of the project being performed. Future
research is recommended to include a detailed comparison between test setups to set
a clear benchmark between shaker induced full scale testing and ambient vibration
testing. It is the researchers opinion that the same results will be yielded as found by
Hanagan et al (2003) where the same if not better quality can be obtained from the
instrumented heel drop, showing that the quality of test results is dependant on the
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quality assurance methods adopted by the tester and not the price of the equipment
used, thereby setting a clear benchmark for up-to-date Operational Modal Analysis
and related output only ambient vibration techniques.
Some research exists where finite element models have been calibrated with parameters
extracted from experimental modal analysis. To obtain a well calibrated finite element
model for a later evaluation of excitation models and design methods, review of the
latest model updating methods has been carried out. No original developments have
been sought in this area, merely an application of existing methods is performed.
Furthermore, no up-to-date design methods were found within Australian Standards
for the treatment of human induced vibrations in supermarket floor systems (or any
floor system for that matter). Some published design guides from other countries or
institutions are over-simplified and out-dated methods (Zivanovic et al. 2010). Current
research and developments found economical excitation models and design methods to
predict responses and model bridge structures under excitation from spatially unre-
stricted pedestrian traffic with varying degrees of accuracy. A need for research and
application to supermarket floor structures will be addressed in this research.
Chapter 3
Methodology and Programme
Determination of the dynamic behaviour of floor systems in service is quite complex.
In this project, an actual measured response is obtained from the modal testing of two
supermarket floor systems, whereas the numerical response is predicted using finite
element modelling. The measured responses obtained from the Imperial Centre and
Erina Fair are compared to the predicted numerical responses obtained from the finite
element modelling to validate the excitation models and to assess the serviceability
of the floor systems. The location and extent of the subject floor systems in the
Imperial Centre and Erina Fair are shown in Figure 3.1 and Figure 3.2, respectively.
The collection, analysis, processing and production of modal testing data, finite element
models and design methods are explained in this chapter.
This research project will follow a programme similar to Reynolds and Pavic (2000a),
and Barrett (2006) adaptation of the UK Dynamic Testing Agency’s four phases of
modal testing. An additional two phases to account for the extra research activities is
included. Phase five contains calibration and finite element model updating. The sixth
and final phase reviews and compares excitation models and design procedures.
This research follows the programme as listed;
1. Preparatory Phase
2. Exploratory Phase
3. Measurement Phase
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4. Post Test Analysis and Parameter Estimation
5. Calibration and Model Updating
6. Review of Excitation Models, Modelling and Design Procedures
Figure 3.1: Subject floor system - Imperial Centre, Gosford NSW
Figure 3.2: Subject floor system - Erina Fair, Erina NSW
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3.1 Preparatory Phase
In the preparatory phase an initial Finite Element Model (FEM) of the Imperial Centre
and Erina Fair is developed in Strand 7 to determine the likely dynamic properties of the
structure. The quality of the initial FEM’s are controlled by applying the appropriate
spatial properties and boundary conditions to match those found on site within the
real structure. Barrett (2006) found the initial FEM’s by the AISC/CISC method were
very close to the real structure. Natural frequencies evaluated numerically in the FEM
are monitored to ensure no large discrepancies to the initial single point acceleration
responses are found. The level of detail in the modal testing and the adequacy of
the proposed accelerometer grid is determined with the assistance of the FEM’s. The
preparation of the finite element models involves adequately representing the structural
system with an accurate spatial distribution of mass and stiffness. This is achieved by;
1. Laying out the floor geometry using the design drawings or site measurements,
assign vertical restraints at column locations, and assign end fixities, or rotational
and translation restraints that appropriately represent the connections on the end
of the members.
2. Assign member and area properties, mass properties to represent the floor slabs
(composite steel concrete and reinforced concrete).
3. Perform a preliminary ’dynamic analysis’ to predict the frequencies and mode
shapes expected in the structural systems.
The level of detail required from the modal testing is Class II and Class III testing
(Barrett, 2006). Class II testing is multi-channel response testing and class III testing
is impact induced modal testing. Clearly the benchmark class of testing in this research
is governed by the available equipment and limited to Class II testing for the ambient
vibration tests and minimum Class-III testing for the instrumented heel drop.
The location of the data centre, that is, laptop and other related equipment, although
insignificant in comparison to the mass of the structure, will be placed over the top of
columns or as close as possible to the tops of columns to avoid distorting the acquired
data. In order to adequately pick up all mode shapes of interest the accelerometers
are set up to measure the response at midpoints along the slab bays, and midspan of
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beams located on grid lines, by sweeping the accelerometers across the slab bays in the
Imperial Centre and Erina Fair, shown in Figure 3.3. This proposed 3x3 grid is used
for both the Operational Modal Analysis and Experimental Modal Analysis, where the
driving point for EMA is at . The driving point will be at midspan of all slabs. This
is a course grid, however sufficient enough to pick up the modes of interest, that is all
single bending modes. High frequency modes with two or more wave crests/troughs in
a single floor panel is not of interest in this research.
Figure 3.3: Typical 3x3 grid of driving and response points
3.2 Exploratory Phase
In the exploratory phase an initial single point ambient vibration response test is carried
out to verify that the chosen accelerometers can pick up the output vibration and verify
the optimum settings for the accelerometers, an initial single point ambient vibration
test is carried out by placing the accelerometer on the underside of a slab bay that is
known to be excitable and has a reasonable amplitude of vibration. The single point is
chosen based on common complaints of the floor slab at The Imperial Centre and by
examination of the results from the dynamic analysis of both The Imperial Centre and
Erina Fair.
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3.2.1 Accelerometer Suitability and Application Method
The chosen accelerometer data logger is the X2-2 by Gulf Coast Data Concepts (Gulf
Coast Data Concepts, 2014). The accelerometer sensor within the X2-2 is a Kionix
KXRB5-2050 3-axis. A 12-bit analog-to-digital converter is used to sample the output
from the Kionix KXRB5-2050 3-axis accelerometer. The sensor output is oversampled 8
times the selected sample rate and processed through a Finite Impulse Response (FIR)
filter (Gulf Coast Data Concepts, 2014). The X2-2 has two sensitivity settings, high
and low sensitivity where high gain sensitivity uses a +−1.25g range and low sensitivty
gain uses a +−2g range. The USB acccelerometer operates at the USB voltage of 2.5
volts. The resulting 15 bit raw data after Analogue to Digital conversion with 32768
discrete counts covers the full range of the input voltage (0 to 2.5 volts). Each count
is 1.25g32768(counts) = 0.000038147 volts/count. A zero g reading is written to file when
the MEMS accelerometer registers 1.25 volts, +1.25 g at +2.5 volts and -1.25g at 0
volts. In high gain mode the 15 bit raw data is provided in counts/g, and at 500mV/g
the data is converted to g acceleration by dividing by 0.50.000038147 = 13107.2 counts/g.
The raw data is accurately time stamped and stored on a microSD card. During the
exploratory phase a single accelerometer is placed at the centre point of a slab span that
was known to be excitable in both floor systems, determined from the preliminary finite
element model in the preparatory phase. If the encountered acceleration amplitudes
are less than +−1.25g under ambient conditions, the X2-2 is set to high gain mode,
for higher acceleration readings low gain mode is used. High gain mode has improved
accuracy over low gain mode because the resolution is concentrated over a smaller range
of voltage readings, whereas the resolution is spread out over a large range of voltage
readings in
The time is recorded accurately and stored on the microSD card in a comma separated
value (csv) file. The X2-2 has the option to use ”micro-resolution” (Gulf Coast Data
Concepts 2014). By using micro-resolution the X2-2 device stores time stamped data
to 0.1ms precision. At a sample rate of 512 Hz a new data record of the acceleration
magnitude is created every 1512 = 0.001953125 seconds. Using micro-resolution the time
stamps are recorded as XX.YYYYZZ where XX are seconds YYYY are accurate to 0.1
milliseconds and ZZ spurious digits that should be ignored or cropped from the data
prior to analysis. Gulf Coast Data Concepts (2014) recommend using micro-resolution
at sample rates greater than 256 Hz. Without micro-resolution the device is accurate
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to 1 milli-second.
Before installation of the X2-2 on the floor structures the real time clock (RTC) in
each accelerometer is synchronised to a computer clock. Beskhyroun and Ma (2012)
has shown that this approach immediately produces an exact synchronisation of the
RTC. As time progresses some small drift is present on the RTC in some random
accelerometer units causing a time lag between the accelerometers. This results in
an inaccurate phase angle, and a distorted mode shape estimate. This is evident in
the waterfall plot of the frequency response functions (Beskhyroun and Ma, 2012).
Note that the natural frequency and modal damping are not influenced by this drift.
Beskhyroun and Ma (2012) suggested two methods to correct the drift in the RTC,
the first method involves connecting all the accelerometers to a rigid plate and shaken
manually to produce a cyclic graph. The drift per unit time is calculated and applied
to the time history response in each unit. The second method involves calculating the
first mode frequency by peak picking and phase angles are determined. The bending of
the system in the first mode should all be in phase, the time lag can be estimated by
dividing the difference in the phase angle of each accelerometer by the natural frequency.
The first method was found to be the simplest and most reliable method because in
the second method the lag between two accelerometers can be more than one cycle of
the first mode (1/f). It should be noted that this drift was only significant when the
accelerometers were installed for a continuous 3 weeks in ambient vibration testing.
In this research the accelerometer will only be installed for a maximum of 10 minutes
for EMA and OMA, and 1 day to evaluate the serviceability, before being connected
to a computer to download and store the raw data in the csv file of the time history
response. At the end of each test the first method will be applied to check the drift in
the RTC, it is expected that an insignificant drift will be encountered. None-the-less
the drift will still be accounted for in order to achieve high quality modal parameters.
When the acceleration data is recorded to file with internal read-write operations there
is a small delay in data aquisition (Beskhyroun and Ma, 2012). To account for this
delay during ambient vibration testing the csv file is manually set to store a continuous
10 minutes (approximately) of data per file. This ensures a sufficient length of data is
stored at each location for ambient vibration testing since only 2
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512∗60 = 8.53 minutes
of data is used in spectral analysis. Having sufficiently long csv files ensures no data
is missed during read-write operations while saving to the microSD card at the end of
3.3 Measurement Phase 29
each csv file. During the forced vibration tests only the length of data that shows the
system damp out the forced vibration is required, and for 3 to 5 forced vibrations of
around 1 to 2 minutes in length the required data is about 10 minutes (conservative
estimate) in each spot before the roving sensors are reset to collect data at the next spot.
The problem was encountered by Beskhyroun and Ma (2012) because of the continuous
3 weeks recording and the csv file inevitably had a large amount of csv files to save
on the microSD card. This is avoided completely in this research by having allowing
sufficiently long csv files and downloading files onto a computer to avoid having large
amounts of data stored on microSD card.
Force Sensor
The Loadstar iLoad Pro digital USB force sensor is a force transducer that is connected
to a computer via USB and recognised as a serial COM Port. It can be used with the
software provided by the manufacturer or by writing custom programs in Matlab. Data
is sampled at 500Hz and recorded using custom Matlab programs. A spline function
is used to resample the data at 512 Hz to match the sample rate of the accelerometer
sensors and eliminate any fluctuation in the sample rate of the force transducer.
3.3 Measurement Phase
3.3.1 Experimental Modal Analysis
Experimental modal analysis will be carried out by roving response and single driving
point. The structure will be excited at the driving point by the instrumented heel drop
method. The forced vibration testing will be carried out with accelerometers installed
at half points in the slab bay. Effectively each slab bay will be covered by a 3x3 grid
of accelerometers.
3.3.2 Operational Modal Analysis
Operational modal analysis is carried out on the structural floor systems by sweeping
a 3x3 grid of accelerometer data loggers across the entire extent of the floor slabs. The
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accelerometers are placed along the centre line of beams and at midpoint of the slab
bays. The structure is excited by ambient vibrations caused by pedestrian movement
and typical operations in the supermarket A reference accelerometer is left in a single
position for the entire duration of the test while the remainder are swept across the
entire extent of the subject floor recording the response vibration for approximately 10
minutes in each position.
3.4 Post Test Analysis and Parameter Estimation
Post test data analysis and parameter estimation from EMA data is achieved as follows.
The raw data is manipulated from counts/g time history into an acceleration response
time history using simple Matlab commands. A matrix of frequency response functions
are formed and organised using Matlab (2013). The modal properties of the floor
systems are estimated using Peak Picking for natural frequency, and the Half-Power
Bandwidth for a damping ratio estimate. The Frequency Domain Decomposition and
Enhanced Frequency Domain Decomposition (FDD/EFDD) is used to estimate the
natural frequency, mode shape and damping ratio.
Post test data analysis and parameter estimation of Operational Modal Analysis data
is achieved as follows. Raw data is manipulated from counts/g time history into an
acceleration response time history using simple Matlab commands. An array of Auto-
Spectral Density (ASD) and Power-Spectral Density(PSD) of response data is formed
using Matlab spectral analysis toolbox commands. The dynamic properties of the floor
systems are estimated by Peak Picking the ASD’s and PSD’s of the output response.
The FDD/EFDD method is used to estimate the natural frequency, mode shape and
damping ratio. The damping ratio is estimated by the logarithmic decrement of the
auto-correlation function (ACF) which takes the same shape as the impulse response
function.
All data is processed to obtain natural frequency, mode shape and damping ratio using
the custom codes and the spectral analysis toolbox in Matlab (2013). An FDD/EFDD
code is developed in the Matlab environment. The Matlab code produced in this
research project is not published for protection of intellectual property.
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3.5 Calibration and Model Updating
The FEM results are verified, and adjustments are made to give an accurate represen-
tation of the structural system in service. Manual model updating can be a long and
tedious task manipulating the input parameters and comparing the output response in
an iterative process until the dynamic analysis results match the results extracted from
system identification, however quality control techniques are used to ensure that the
results from the initial finite element models are close to the actual response values.
The objective function, sensitivity based methods and global optimisation algorithms
are some methods that could be used for calibrating the finite element model, if time
permits, however the manual method will be sufficient because the quality of the initial
FEM’s are controlled as described in the Preparatory Phase.
3.6 Review and Comparison of Excitation Models, Mod-
elling and Design Procedures
The predicted responses using calibrated FEM’s and excitation models from ISO 10137,
French Setra Guide, UK NA to Eurocode 1, Brownjohn et al. (2004), and the Response
Spectrum Method will be compared to the actual measured responses and recommen-
dations and modifications will be made.
3.7 Chapter Summary
This chapter has presented the methodology that is followed throughout this research
project. The research follows the programme as listed:
1. Preparatory Phase
2. Exploratory Phase
3. Measurement Phase
4. Post Test Analysis and Parameter Estimation
5. Calibration and Model Updating
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6. Review of Excitation Models, Modelling and Design Procedures
Chapter 4
Modal Testing
4.1 Chapter Overview
This chapter presents the modal testing of full-scale, in-situ supermarket floor systems
within the Imperial Centre in Gosford and Erina Fair in Erina. Two forms of modal
analysis is used on the floor systems;
1. Experimental Modal Analysis by the Forced Vibration Test
2. Operational Modal Analysis by the Ambient Vibration Test
4.2 EMA and OMA at Imperial Centre, Gosford
The floor system within the supermarket at the Imperial Centre is known to vibrate.
The severity of the vibration is undetermined. The vibrations can be felt throughout
the floor system, in particular in the checkout area where customers are standing still,
so the vibrations are more perceptible to customers. A series of forced vibration tests
and ambient vibration tests have been conducted on the floor system at the Imperial
Centre to identify the modal properties of the floor system. The following sections will
present the forced vibration tests and ambient vibration tests at the Imperial Centre.
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4.2.1 Forced Vibration Testing at The Imperial Centre
Forced vibration tests (FVT) by the instrumented heel drop method have been per-
formed at the Imperial Centre. The inertia from a single heel drop impulse did not
sufficiently excite the structure to record a suitable acceleration response over the back-
ground noise created by the air conditioning units and climate control attached to the
floor system.
4.2.2 Ambient Vibration Testing at The Imperial Centre
A series of ambient vibration tests (AVT) were carried out on the subject floor systems
at the Imperial Centre between March and June 2014. The selected SI techniques are
Peak Picking (PP), Frequency Domain Decomposition and Enhanced Frequency Do-
main Decomposition (FDD/EFDD). The AVT’s were carried out on the floor structure
by installing the X2-2 accelerometer data loggers (Gulf Coast Data Concepts 2014)
on the underside of the floor with double sided tape and recording the acceleration
response at midspan of steel beams (Figure 4.1) along grid lines and mid-span of all
slab bays. The response at column locations was not recorded based on the assump-
tion that there is close to zero vertical movement, and adding such points will add too
much noise in the power spectral density (PSD) plots and single value decomposition
(SVD) plots obtained during SI exercises. The accelerometer data loggers were set to
high sensitivity gain with a range of +−1.25g and recorded acceleration in counts/g at
a sample rate of 512 Hz for 262144 data points, or 262144512x60 = 8.53 mintues. The tested
slab panels were assigned numbers as shown in Figure 4.2. The floor is divided into
two areas, the floor bound by grids A to F is referred to as ’floor area 1, and grids F
to K as ’floor area 2’ (refer to Chapter 5).
System Identification from AVT Data at the Imperial Centre
Data processing and modal parameter identification from the acceleration response
measurements was performed using PP and FDD/EFDD. Natural frequencies and
damping were identified, further processing is required to identify the un-scaled mode
shapes. Before applying output-only system identification (SI) techniques the data is
pre-processed by detrending, shifting to a zero mean and resampled at a sample rate
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Figure 4.1: Accelerometers installed at the Imperial Centre
of 64Hz. Prior to analysing the full data set, a subset of response data at slab panel
4, 5 and 34 is analysed to check the quality of the results. Mid-bay of the slab panels
are showing peak accelerations, possibly from resonance or an impulse, and further
analysis is provided in Chapter 6. Figure 4.3 is a subset of the acceleration time his-
tory recorded at mid-bay of bay slab panel 4, and this is typical behaviour mid-span
of the slab bays between grid 1 and 2 for the length of the subject floor. Figure 4.3
shows floor panel 4 responding to excitation with a peak at over 0.1g, and it’s averaged
PSD, in Figure 4.6, was constructed by averaging the PSD’s of all available recorded
acceleration time histories for that slab bay. The averaged PSD shows 3 resonant peaks
at 4.973 Hz, 5.545 Hz, amd 7 Hz with the dominant natural frequency being 5.545 Hz,
noise from degenerate modes flood the area around the peaks. Bay 4 shows some of
the highest peak accelerations in area 1, and is directly under the checkout area where
people are standing still and can feel the vibrations, this bay will be used for evaluation
of serviceability in Chapter 6. The averaged PSD at mid span of slab bay 32 in Figure
4.8, shows 4 clear resonant peaks at 4.973 Hz, 5.479 Hz, 5.918Hz and 6.496 Hz, with a
dominant frequency at 5.918 Hz, shown in Figure 4.10, again the area surrounding the
peaks is flooded with noise from degenerate modes. Clearly the first modal frequency
of floor area 1 is at 4.973 Hz. The PSD’s for all recorded channels in floor area 1 are
overlaid in 4.9, and are averaged in Figure 4.10. The PSD’s for all recorded channels
in floor area 2 are overlaid in 4.11, and are averaged in Figure 4.12.
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Figure 4.2: Tested Slab Panels at the Imperial Centre
Using the FDD/EFDD method a singular value decomposition analysis was performed
in the frequency domain and revealed the modal frequencies shown in Figure 4.14 and
4.15 for floor area 1 and 2 respectively. The natural frequency from the SVD plots are
rather trivial because of the noise present, so no clear peaks are observed and picking
resonant peaks from the PSD’s appears to be a more reliable method of identification
for this floor system.
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Figure 4.3: Typical acceleration time history at mid-bay of the slab panels at the Imperial
Centre
Figure 4.4: Acceleration time history at mid-bay of the slab panel 4 at the Imperial Centre
Figure 4.5: Acceleration time history at mid-bay of the slab panel 5 at the Imperial Centre
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Figure 4.6: Averaged PSD for slab panel 4 at the Imperial Centre
Figure 4.7: Averaged PSD for slab panel 5 at the Imperial Centre
Figure 4.8: Averaged PSD for slab panel 34 at the Imperial Centre
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Figure 4.9: Overlaid PSD’s for all measured channels in floor area 1 at the Imperial Centre
Figure 4.10: Averaged PSD for all measured channels in floor area 1 at the Imperial Centre
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Figure 4.11: Overlaid PSD’s for all measured channels in floor area 2 at the Imperial Centre
Figure 4.12: Averaged PSD for all measured channels in floor area 2 at the Imperial Centre
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Figure 4.13: Averaged PSD for all measured midbay channels in floor area 2 at the Imperial
Centre
Figure 4.14: SVD plot for all measured channels in floor area 1 at Imperial
Figure 4.15: SVD plot for all measured channels in floor area 2 at Imperial
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Summary of System Identification at the Imperial Centre
EMA was unsuccessful so output only OMA techniques have been adopted. The modes
identified using OMA SI techniques area presented in Table 4.1 and 4.2 for floor area 1
and 2 respectively. Damping has been estimated by the logarithmic decrement method
of the auto-correlation function (ACF).
Table 4.1: Modal Identification Results - Imperial Area 1
Mode PP (Hz) FDD/EFDD (Hz) Modal Damping ζ (%)
1 4.979 5.033 0.753
2 5.186 5.148 0.782
3 5.305 5.256 0.764
4 5.453 5.477 0.778
5 5.516 5.543 0.802
6 5.584 5.643 0.854
Table 4.2: Modal Identification Results - Imperial Area 2
Mode PP (Hz) FDD/EFDD (Hz) Modal Damping ζ (%)
1 4.977 4.973 0.708
2 5.191 5.059 0.767
3 5.334 - -
4 5.506 5.434 0.803
5 5.623 5.549 0.845
6 5.670 5.627 0.836
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4.3 EMA and OMA at Erina Fair
The floor vibrations at Erina Fair are not perceptible to it’s occupants. A series of
forced vibration tests (FVT) and ambient vibration tests (AVT) have been conducted
on the floor system to identify the modal properties, evaluate the serviceability limits,
quantify the source of excitation, and for comparison to the Imperial Centre. The
following sections will present the FVT’s and AVT’s at Erina Fair.
4.3.1 Forced Vibration Testing at Erina Fair
A FVT by the instrumented heel drop method was performed at Erina Fair around
mid-night when no other people would create noise in the structure. A typical source
of wind induced noise in the structure is shown in Figure 4.16. The inertia from a single
heel drop impulse did not sufficiently excite the structure enough to record a suitable
acceleration reading over the background noise. Identification of modal parameters
will be purely from operational modal analysis techniques based on ambient vibration
testing.
Figure 4.16: Example source of noise induced by wind at Erina Fair
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4.3.2 Ambient Vibration Testing at Erina Fair
A series of AVT’s were carried out on the subject floor at Erina Fair between March
and June 2014. The selected SI techniques used at Erina Fair are Peak Picking
(PP), Frequency Domain Decomposition and Enhanced Frequency Domain Decompo-
sition(FDD/EFDD). The AVT’s were carried out by installing the X2-2 accelerometer
sensor data logger (Gulf Coast Data Concepts 2014) on the underside of the floor
structure with double sided tape, shown in Figure 4.17 and recording the acceleration
response at the midpoint of all beams and slab bays. The layout of the tested points
is shown in Figure 4.18. The accelerometer data logger was set to high sensitivity gain
to a range of +−1.25g and recorded acceleration in counts/g at a sample rate of 512 Hz
for 262144 data points, or 262144512x60 = 8.53 minutes. The nodes are organised in Figure
4.19. The responses at column locations were not recorded based on the assumption
that there is close to zero vertical movement, and adding such points will add too much
noise in the power spectral density (PSD) plots and single value decomposition (SVD)
plots obtained during PP and FDD/EFDD SI exercise. The entire floor area was cov-
ered by sweeping the X2-2 accelerometers across the extent of the subject floor. The
accelerometer data loggers were installed and programmed to log an acceleration time
history from 6am until the battery power diminished. At critical points on busy days,
the acceleration time history is recorded from 6am until 11pm showing the response
changing as the pedestrian traffic changes between single person loading, normal spa-
tially unrestricted traffic, to crowd loading. Further research of this data could aim
to quantify the coherence function presented by Brownjohn et al. (2004). Brownjohn
et al. (2004) presented a frequency domain method that estimates the input PSD of
pedestrian traffic and a PSD of acceleration response that is adjusted with modification
factors, including a coherence factor for pedestrians. The coherence factor accounts for
no pedestrian and perfect pedestrian correlation, and nothing in between. Further
discussion and review of the technique is found in Chapter 6.
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Figure 4.17: Accelerometers installed on underside of floor at Erina Fair
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Figure 4.18: Accelerometer and additional wall locations at Erina
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Figure 4.19: Node numbers for the AVT models of Erina Fair
System Identification from AVT Data at Erina Fair
Data processing and modal parameter identification from the acceleration response
measurements was performed using PP and FDD/EFDD. Natural frequencies, damp-
ing and un-scaled mode shapes were identified. Before applying output-only system
identification techniques the data is pre-processed by detrending, shifting to a zero
mean and resampled at a sample rate of 64Hz. Prior to analysing the full data set, a
subset of response data at mid-bay nodes 15, 17, 19, 21, 23, 25 and 150, 152, 154, 156,
158, 160 is analysed to check the quality of the results. Figure 4.20 shows a typical
averaged PSD at node 19, showing good resolution of peaks in the frequency band of
interest, the quality of this PSD is most likely a result of the accurate assumption that
the input is a stochastic white noise process. Generally nodes 15 to 25 show the same
behaviour of a white-noise input. Node 17 is in a stiffer area of slab, so higher modal
frequencies are engaged, which is shown in Figure 4.21, where the sample rate was left
at 512Hz to provide an example of how the stiffer floor areas are being engaged at
higher frequencies. This is typical at midspan of all corner slab bays, and short-span
slabs. Node 154 in Figure 4.23 shows good peaks, but node 152 in Figure 4.22 exhibits
characteristics of a transient response in the frequency band of interest, which could
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Figure 4.20: Response PSD at node 19
Figure 4.21: Response PSD at node 17
prove difficult to perform system identification techniques. One possible reason for the
result at node 152 is that the input is not a white noise process, or the modal frequency
changes with the added mass of pedestrians thus changing the averaged PSD. Degen-
erate modes will also cause this noise in the average PSD. The PSD of white-noise will
be flat and will excite all modes efficiently, which is not the case at node 152 where
the response PSD exhibits a large amount of noise around the possible node. It is
noteworthy that the peaks found at 6Hz, 6.25Hz, 6.5Hz, 6.75Hz and 7Hz (and their
higher multiples) are very distinguished and in the initial PP techniques, and are taken
as vibration modes.
The PSD from each channel is overlaid on one plot in Figure 4.24 and shows that
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Figure 4.22: Response PSD at node 152
Figure 4.23: Response PSD at node 154
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Figure 4.24: Natural Frequency at Erina by peak picking the overlaid PSD’s
all traces of the PSD’s exhibit a similar shape and similar peaks. Separate channels
will show some peaks at different frequencies because slab bays are engaged at differ-
ent frequencies with varying magnitude. Peak picking was performed on the averaged
PSD plot of the output acceleration time history from all available channels, a total
of 90 channels of data, to reveal the natural frequency of the floor system. The nat-
ural frequency from PP the PSD are shown in Figure 4.25 and Figure 4.24. By the
FDD/EFDD SI technique, an SVD of all the measured response channels is created and
PP is performed in Figure 4.26. The Auto-Correlation function (ACF) is the inverse
transform of power spectral density, that is IFFT(PSD). Assuming that the input is a
stochastic process, a fair assumption at most nodes, we can estimate the damping of
the system by observing the logarithmic decrement of the ACF.
Table 4.3 presents the modes identified from PP and FDD/EFDD method of system
identification. The damping ratio for EFDD is obtained by logarithmic decrement of
the auto-correlation function. The ACF of the identified modes is shown in Table 4.6.
The ACF is formed by extracting the corresponding singular value from the unitary
matrix. The singular value is the auto power spectral density of it’s single degree of
freedom system. An IFFT is performed on the extracted singular values and a bell
shaped curve taking the same shape as the impulse response function is formed. Modal
damping is found by the logarithmic decrement of the peaks in the ACF.
The MAC is a measure of the contribution of neighbouring modes to the specified mode.
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Figure 4.25: Natural frequency at Erina by peak picking the averaged PSD’s
Figure 4.26: Natural frequency at Erina by PP the SVD plot of all measured channels
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If an MAC is less that 0.9 then the mode is discarded. The modes at 6Hz, 6.25Hz,
6.5Hz, 6.75Hz and 7Hz show contributions to their higher multiples. These noise modes
are initially discarded, until further comparisons are made with the FEM’s using MAC
in Chapter 5. This is done because at the specified frequency (say 6.5Hz and 6.75Hz)
the MAC is almost zero, however a peak is shown at the neighbouring higher multiple
(13Hz, 13.5Hz, 26Hz and 27Hz ). The test is reversed and the higher neighbouring
multiple (13Hz, 13.5Hz, 26Hz and 27Hz ) is specified, the MAC is again almost zero,
but peaks at the other multiples are shown, hence these modes are discarded. The
estimated mode shapes from FDD/EFDD is shown in Table 4.4, and the modeshapes
at the discarded noise peaks is in Table 4.5.
Table 4.3: Modal Identification Results - Erina Fair
Mode PP (Hz) FDD/EFDD (Hz) Modal Damping ζ (%)
1 7.344 7.344 0.876
2 8.449 8.438 0.935
3 9.574 9.563 1.009
4 10.390 10.560 1.084
5 12.500 12.590 0.982
6 14.700 14.690 0.951
Mid-bay node points with a large amplitude of vibration were monitored from 6am
until 11pm. As the input force changes over time from single person loading in the
early hours of the morning and late hours of the night, to spatially unrestricted pedes-
trian movement, usually induced by employees walking into work, to crowd loading
during peak business hours on Saturday where movement is restricted due to the close
proximity of other pedestrians. Figure 4.27, Figure 4.28 and 4.29 show the acceleration
time history and it’s PSD at 6am, 8:30am and 1pm respectively. We can observe that
the weight of the pedestrians change the modal properties of the floor system.
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Figure 4.27: Acceleration time history and PSD at 6am
Figure 4.28: Acceleration time history and PSD at 8:30am
Figure 4.29: Acceleration time history and PSD at 1pm
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Table 4.4: Modeshape from FDD/EFDD - Erina Fair
Mode Shape 7.344 Hz Identified Peak and MAC
Mode Shape 8.438 Hz Identified Peak and MAC
Mode Shape 9.563 Hz Identified Peak and MAC
Mode Shape 10.560 Hz Identified Peak and MAC
Mode Shape 12.590 Hz Identified Peak and MAC
Mode Shape 14.690 Hz Identified Peak and MAC
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Table 4.5: Discarded Modeshapes from FDD/EFDD - Erina Fair
Mode Shape 6.254 Hz Mode Shape 6.498 Hz
Mode Shape 6.750 Hz Mode Shape 7.000 Hz
Mode Shape 13.5 Hz Identified Noise Peaks and MAC
Mode Shape 26.000 Hz Mode Shape 27.000 Hz
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Table 4.6: Auto-Correlation Functions - Erina Fair
ACF of Mode Shape @ 7.344 Hz ACF of Mode Shape @ 8.438 Hz
ACF of Mode Shape @ 9.563 Hz ACF of Mode Shape @ 10.650 Hz
ACF of Mode @ 12.590 Hz ACF of Mode @ 14.690 Hz
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4.4 Chapter Summary
In this case output only OMA SI techniques proved to be the only feasible way of
extracting the modal parameters of full-scale in-situ supermarket floor systems. Tradi-
tional EMA was unsuccessful. The instrumented heel drop technique did not provide
enough inertia to excite the structure at the Imperial Centre and Erina Fair. When
comparing the signal to noise ratio of the FRF’s for the two test sites, Erina Fair exhibits
a poor ratio because the structure is stiffer and has a larger mass, hence the accelera-
tion response signal is insignificant, the structure did not contain extreme amounts of
noise, although it did contain noise from steel columns transferring wind actions from
the roof into the reinforced concrete beams and floor system. The Imperial Centre on
the other hand did have a lot more noise, possibly due to the old air-conditioning and
climate control system attached to the floor system resulting in a ’loud’ structure and
noisy environment. The overall stiffness is not large in the Imperial Centre, and it was
originally thought that the heel drop excitation was perceivable. Therefore the signal
to noise ratio was very poor at the two test sites for two different reasons and the FRF’s
were discarded.
The natural frequency and modal damping of all floor systems was obtained with system
identification techniques for operational modal anaylsis. Mode shapes have been formed
using the FDD technique for Erina Fair. Further work is required to develop the mode
shapes for the Imperial Centre. Good resolution around the modal frequencies in the
PSD and SVD plots provide sufficient information to extract the natural frequency and
estimate the damping from the logarithmic decay of the ACF. Erina Fair was more
difficult to extract modal parameters because of it’s high stiffness, however when OMA
techniques are compared with the FEM and a MAC algorithm is introduced with some
difficulty, the modal parameters can be extracted with further accuracy. The extracted
modal parameters will be used to update the FEM’s in Chapter 5. The acceleration
response time history from the dominant modes are further analysed in Chapter 6
to evaluate the serviceability and vibration response of the two test subjects, and to
critically evaluate a range of existing input excitation models.
Chapter 5
Predictive Finite Element
Modelling
5.1 Chapter Overview
This chapter presents the finite element models of the supermarket floor systems at
The Imperial Centre and Erina Fair. The initial finite element models are developed
in Strand 7 (Strand7 Pty Ltd 2010) and Slabs (Inducta Engineering 2014), presented
in Section 5.2. The initial finite element models are updated in Strand 7 by calibration
to match the dynamic characteristics extracted from modal testing of the actual struc-
tures. The updated finite element models accurately represent the dynamic behaviour
of the supermarket floor systems in service. The updating process and calibrated finite
element models in Strand 7 are presented in Section 5.3.
5.2 Initial Finite Element Models
The initial finite element models of the supermarket floor systems at The Imperial Cen-
tre and Erina Fair are developed in this section. To develop the finite element models
it is ideal to have the existing structural drawings to save time in the model develop-
ment stage. No structural drawings for the subject floor system at The Imperial Centre
could be found so the finite element models are developed by taking measurements on
5.2 Initial Finite Element Models 59
site. Structural drawings of the subject floor system at Erina Fair were obtained from
centre management, so the finite element models are developed based on the structural
drawings. Finite element software Strand 7 (Strand7 Pty Ltd 2010) and Slabs (Inducta
Engineering 2014) is used in this report.
5.2.1 Initial Finite Element Model of The Imperial Centre
Centre Management, Gosford City Council and Richard Weller from Cardno Engineers
were contacted to locate existing structural drawings. No structural drawings of the
subject floor system at The Imperial Centre could be found. The plans have most
likely gone missing over time due to the age of the structure. Three initial site visits
were carried out between February and March, 2014 to determine the overall extent
of the existing supermarket floor system at The Imperial Centre. The full extent of
the subject floor structure could be measured from the underside of the subject floor,
within the underground carpark. The supermarket floor system at The Imperial Centre
is modelled using Strand 7 (Strand7 Pty Ltd 2010) by taking site measurements with
a tape measure, laser distance measurer and vernier calipers.
The floor system in the supermarket is a composite concrete-steel structure consisting of
a concrete slab poured on a ribbed steel deck, which is supported by a grid of structural
steel beams that transfer the loads through square concrete columns and footings into
the founding soil structure. A photo of the typical existing floor system is shown in
Figure 5.1. The structural layout of the floor system is shown in Figure 5.5. Referring
to the structural layout developed in CAD on page 64 it can be seen that along grid F
the slabs are separated with a clear 3mm to 6mm gap, with separate columns each side
of the grid and discontinuous beams. This is shown in Figure 5.2. Accordingly the floor
systems will be modelled as two separate structures separated by the discontinuities
along ’grid F’. The floor area between grids A and F is called floor area 1, and floor
area 2 is between grids F and L.
The composite concrete-steel floor deck consists of a 90mm thick concrete slab on a
100mm deep steel deck installed ”ribs down”. The overall depth of the composite
floor deck is 190mm. After discussions with Richard Weller from Cardno Engineers
it was determined that the steel deck is a Tri-Lok steel deck, a discontinued product
from Lysaght. Lysaght was contacted to obtain the product specifications and product
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Figure 5.1: Existing floor system at the Imperial Centre
manual (Lysaght Building Industries 1988). The Tri-Lok deck is installed ”ribs-down”
and the ribs are a consistent 100mm deep throughout the entire floor system. The
depth of the concrete slab was measured at 3 random penetrations where pipe services
had been removed. The average depth of the concrete slab is 90mm. The composite
floor deck span varies slightly between bays, but is generally 2630mm. The composite
floor deck is supported on steel bearers and the ribs connected to the steel bearers
by welds. The mechanical properties of the Tri-Lok steel deck are verified against
those given in the product manual by building a beam section in Strand 7. The slab
system will be modelled by transforming the composite structure into equivalent cross-
sectional properties and material properties since the concrete slab is in continuous
contact with the steel deck, where the deck is directly welded to the support beams.
Murray et al 1997 concluded that if a slab system is in continuous contact with the
supporting beams then the structural floor system acts compositely whether they have
been designed with shear connectors or not. This is because unlike ultimate limit states
design, at serviceability limit states, the strain levels are so small that the friction at
the connecting faces is not overcome.
The composite floor deck is directly supported on steel bearers evenly spaced at approx-
imately 2630mm. The ribs of the deck are welded to the steel bearers. The span of the
steel bearers varies and is approximately 8230mm for the bays between grids 2 to 8, and
9250mm for the bay between 1 and 2. Each end of the steel bearers is connected to the
web of a supporting steel beam with either a 4 bolt or 6 bolt fin plate connection that
has no moment transfer at ultimate load, this connection was clearly designed originally
as a ”pinned connection”. The end fixities will be released as ’pinned connections’ that
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Figure 5.2: Slab joint along ’Grid F’
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allow rotation in the ends of the bearer, no moment is transferred to the connecting
beam member. A small amount of moment may be transferred through the connection
in service at lower levels of strain. Modelling each connection to determine the exact
levels of moment transfer at given strain levels is a tedious and complex procedure
that is not required in the initial stages of finite element modelling since this will be
accounted for in the updated finite element models, however for purposes of the initial
finite element model the end fixities are released in rotation and fixed in translation.
Figure5.3 shows the typical 4 bolt and 6 bolt end connection for the floor bearers. Note
that the flanges have been ’coped’ or cut away at the connection interface, the stiffness
of the member varies along it’s length for this reason and because the flange stiffener
plates welded to the top and bottom flange of the beams stop 600mm short of each end
of the member. The beams have been modelled as if the stiffness is uniform along it’s
length. A range of steel bearer sizes were encountered, they are 460 UB 82.1, 410 UB
59.7, 360 UB 50.7, and 310 UB 40.4, combinations of these member sizes are installed
with and without flange stiffener plates, welded to the top and bottom flange along
the length of the beam. The stiffener plates increase the moment of interia and overall
stiffness of the bearer.
The main steel beams supporting the steel bearers are 460 UB 82.1 with and without
flange stiffener plates, and are continuous over 2 spans. The continuous 2 span beams
have a heavy 8 bolt splice connection at each end and transfer moment to the next
2 span beam, so the main beams can be assumed to act as a continuous beam along
the entire length of the floor system. These beams are modelled as a continuous beam
along the entire length of the structure, with discontinuities at grid F, because this is
where the structure is in two, as previously described. No moment transfer between the
steel beams and the supporting concrete columns occur at ultimate load, some minor
moment transfer in service conditions may occur due to friction and minor stiffness in
the connection plates. A summary of the main beams is shown in Figure 5.4.
The 350x350 square concrete columns are 2180mm high. The tops of the columns have
no moment transfer at the concrete and steel beam interface. The footing and con-
nection to the footing is unknown. No comment can be made about the soil-structure
interaction.
A CAD file in dxf format of the floor system layout has been developed based on
the information and measurements obtained over 3 site visits. The layout of the floor
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Figure 5.3: Typical 4 bolt and 6 bolt pinned end connections at the ends of bearers
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Figure 5.4: Typical 8 bolt moment splice end connection in the main steel beams
structure is shown in Figure 5.5. A summary of the beam cross-sections and slab cross
sections is in Figure 5.7.
Imperfections that affect the modal properties and performance of the structure were
found. Large penetrations in the webs of beams, non-uniform slab thickness, cracks
right through the concrete slab, discontinuities in the steel deck where ribs have been
cut for pipe penetrations, compressive failure at the tops of concrete columns, and
material degredation were a few major imperfections found. These imperfections will
drastically affect the overall performance of the structure and the true modal properties
of the floor system can only be determined through modal testing, hence a calibrated
finite element model will be the only way to produce an accurate numerical model of
the floor system. With such flaws and inaccuracies found on site, relying on the initial
finite element model the floor system is not sufficient for a comprehensive evaluation
of vibration and serviceability.
Strand 7 Initial Finite Element Model of The Imperial Centre
The finite element model of the floor system at The Imperial Centre is developed in
Strand 7 (Strand7 Pty Ltd 2010) by importing the CAD file of the floor geometry in
dxf format using the CAD import tool, and assigning global restraints appropriate to
the degrees of freedom of interest. The floor slab is modelled as plate elements and
the beams are modelled as beam elements. The columns are not modelled, instead the
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Figure 5.5: Structural steel framing layout at the Imperial Centre
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Figure 5.6: Beam and slab cross-sections at the Imperial Centre
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Figure 5.7: Imperfections at the Imperial Centre (a) & (b) Penetration in webs (c) Material
degredation
5.2 Initial Finite Element Models 68
nodes at the column locations are assigned node restraints and fixed translationally and
free rotationally to represent the connection to the columns with no moment transfer.
Strand 7 can model structures in 3-dimensions, the z-axis is the vertical axis and the
x-axis and y-axis are in the horizontal plane of the floor system. Bending in the vertical
direction is the only freedom of interest, accordingly rotation about the z-axis is fixed,
and translation in the x and y direction is fixed. The global restraints are set in the
global freedom case, where ’D’ and ’R’ represent translation and rotation degrees of
freedom, respectively, as follows;
Restraint Free/Fixed
DX fixed
DY fixed
DZ free
RX free
RY free
RZ fixed
The columns and walls provide restraint in the vertical direction, no moment transfer is
expected so the nodes at those locations are assigned restraints and fixed translationally
in the z-direction. The continuous beam members are assigned properties and the
end fixities remain as fixed default so rotation is proportional. The bearers spanning
between the continuous beams are assigned member properties and the end fixities
remain fixed translationally and are set free rotationally to represent the ’pinned’ end
connections. This is shown graphically in Figure 5.8.
The floor slabs are modelled as quad 4 plate elements and assigned an equivalent depth
of 186.2mm to match the cross-sectional properties of the composite floor. Visually
the concrete did not appear to be a high quality 32MPa concrete like at Erina Fair,
it appeared to show characteristics similar to 20MPa to 25MPa concrete typically en-
countered in single storey residential construction, for the initial finite element models
it is assumed that the concrete is 25MPa. The material properties for concrete at ser-
viceability or low amplitude vibration are different from those at ultimate limit states,
and are obtained from (SCI 2009). The material properties are determined for the
composite section as follows;
5.2 Initial Finite Element Models 69
Figure 5.8: Node Supports and Beam End Releases
The dynamic concrete material properties from SCI (2009) are;
Dynamic Modulus of Elasticity = 38.0 GPa (SCI 2009)
Dynamic Concrete Density = 2.35 t/m3 (SCI 2009)
The steel material properties are;
Modulus of Elasticity = 210 GPa
Steel Density = 7.85 t/m3
The equivalent composite properties are determined as follows;
Cross-Sectional Area
Ac = 0.09m
2
As = 0.00195295m
2
AT = 0.09195295m
2
(5.1)
Transformed Dynamic Modulus of Elasticity
ET =
AcEc +AsEs
AT
=
0.09× 106 × 38000 + 0.00195295× 106 × 210000
0.09195295× 106
ET = 41653MPa
(5.2)
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Figure 5.9: Mechanical properties of TriLok steel floor deck
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Figure 5.10: Composite Slab Section
Transformed Density of Composite Section
γT =
Acγc +Asγs
AT
=
0.09× 106 × 2350 + 0.00195295× 106 × 7850
0.09195295× 106
γT = 2.447t/m
3
(5.3)
Neutral Axis yn of Composite Section
Ic =
bd3
12
Ic = 60.75× 106mm4
Is = 4.420330× 106mm4
ns = Es/Ec = 210/38 = 5.5263
yc = 45mm
ys = 121.3851mm
(5.4)
yn =
Asysns +Acyc
As +Ac
yn =
0.00195295× 0.1213851× 5.5263 + 0.09× 0.045
0.09195295
yn = 53.179mm
(5.5)
Moment of Inertia Ixx of Composite Section
Ixx =
[
Ic +
(
Ac × d2c
)]
+
[
Isns +
(
As × d2s
)]
Ixx =
[
60.75× 106 + (0.09× (53.179− 45)2)]+ ...
...
[
4.420330× 106 × 5.5263 + (0.00195295× (121.3851− 53.179)2)]
Ixx = 538140458.7mm
4
IT = 538140458.7mm
4
(5.6)
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Figure 5.11: Strand 7 (2010) 3D model of floor system at the Imperial Centre between
grids A-F
Transformed Equivalent Plate Thickness;
IT =
bD3T
12
538140458.7mm4 =
1000D3T
12
DT = 186.2mm
(5.7)
The initial 3D floor structure in Strand 7 is shown in Figure 5.11 and 5.12. The floor
structure was meshed by subdividing each plate and beam member in the floor structure
into 4 equal members, nodes were automatically created at quarter points and along
the length of the members and plates. A linear static analysis is performed and the
deflected shape is checked for expected results. Any discrepancies are fixed and the
meshing and analysis process is run until the expected results are achieved without
errors. Figure 5.13 and 5.14 show the deflected shape of the two floor systems.
A dynamic analysis is completed using the frequency solver in Strand 7 and the results
for the first 10 mode shapes are shown in Table 5.1 on page 73 for Floor Area 1 bound
by Grid A to F and Table 5.2 on page 74 for Floor Area 2 bound by Grid F to L.
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Figure 5.12: Strand 7 (2010) 3D model of floor system at the Imperial Centre between
grids F-L
Figure 5.13: Strand 7 (2010) deflected shape of floor system at the Imperial Centre between
grids A-F
Figure 5.14: Strand 7 (2010) deflected shape of floor system at the Imperial Centre between
Grids F-L
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Table 5.1: Strand 7 Frequency Solver Results - Imperial Area 1
1st Mode Shape 4.800 Hz 2nd Mode Shape 4.929 Hz
3rd Mode Shape 5.169 Hz 4th Mode Shape 5.341 Hz
5th Mode Shape 5.446 Hz 6th Mode Shape 5.567 Hz
7th Mode Shape 5.659 Hz 8th Mode Shape 5.700 Hz
9th Mode Shape 5.735 Hz 10th Mode Shape 5.822 Hz
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Table 5.2: Strand 7 Frequency Solver Results - Imperial Area 2
1st Mode Shape 4.822 Hz 2nd Mode Shape 4.920 Hz
3rd Mode Shape 5.173 Hz 4th Mode Shape 5.354 Hz
5th Mode Shape 5.394 Hz 6th Mode Shape 5.513 Hz
7th Mode Shape 5.579 Hz 8th Mode Shape 5.665 Hz
9th Mode Shape 5.950 Hz 10th Mode Shape 6.095Hz
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Figure 5.15: Subject floor system and typical actions at Erina Fair
5.2.2 Initial Finite Element Model of Erina Fair
An initial site visit was conducted in March 2014 to determine the overall extent of
the existing site at Erina fair and choose a specific floor area to be the subject of the
research project. The floor area at front of the existing supermarket was chosen as the
test subject. The floor is not known to be easily excitable and no known complaints
have have been made about the floor slab. It was observed that the floor is relatively
stiff, and the overall mass is large. The purpose of this investigation is as a comparative
exercise to compare the responses obtained from The Imperial Centre to a structure
constructed from an alternative technology but fulfilling the same intended purpose.
The subject floor structure was chosen because it is excited by traditional supermarket
actions, and it was easy to install accelerometers because access was granted after hours.
The existing floor structure is a monolithic reinforced concrete beam and slab struc-
ture supported on concrete columns and reinforced masonry blockwork walls, shown
in Figure 5.16 and . The finite element model is developed using the specifications in
the structural design drawings. Minimal site measurements were required because all
dimensions were provided on the structural drawings, however some spans, a column
height and an overall width of the floor structure was checked on site against the design
drawings to ensure the correct plans were used for the development of the finite element
models.
For a fast approach to model creation, a CAD file of the floor geometry is developed
in dxf format. Generally the reinforced concrete slabs are two-way doubly reinforced
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Figure 5.16: Monolithic reinforced concrete structure at Erina Fair
concrete slabs 170mm thick, where some slab spans are thickened to 220mm directly in
front of the entry to the supermarket. 3000mm wide x 2400mm drop panels generally
360mm deep and some 450mm deep are located at the columns. Internal concrete
beams are wide band beams generally 3000mm wide and either 360mm or 450mm
deep. The perimeter beam is a wide band beam either 1500mm wide x 450mm deep,
1200mm wide x 450mm deep or 1200mm wide x 500mm deep. The columns are 500mm
diameter circular reinforced concrete. A summary of the geometrical properties of the
slab is shown in Figure 5.17 on page 77.
The material properties are specified in the design drawings as concrete strength at 28
days, f’c=32MPa and 5 day strength is 22MPa. So the material properties are initially
set in both Strand 7 (2010) and Slabs (2014) using the standard material library for
AS3600-2001 32MPa concrete.
Two finite element models have been created using Strand 7 (Strand 7, 2010 ) and Slabs
(Inducta Engineering, 2014) finite element software. A description of the modelling
process and initial results from the dynamic analysis is provided.
Strand 7 Initial Finite Element Model of Erina Fair
The floor geometry is created in Strand 7 using the design drawings by importing the
CAD file. Strand 7 models structures in 3-dimensions, so the z-axis is the vertical axis
5.2 Initial Finite Element Models 78
Figure 5.17: Layout of the reinforced concrete floor system at Erina Fair
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and the x-axis and y-axis are in the horizontal plane of the floor system. Bending in the
vertical direction and the interaction of the floor system with the column stiffness is the
only freedom of interest, accordingly rotation about the z-axis is fixed, and translation
in the x and y direction is fixed. The global restraints are set in the global freedom
case as follows;
Restraint Free/Fixed
DX fixed
DY fixed
DZ free
RX free
RY free
RZ fixed
Where ’D’ and ’R’ represent translation and rotation degrees of freedom, respectively.
The columns and walls provide restraint in the vertical direction. Moment transfer
between the floor structure and columns, and moment transfer between the column
and footing into the supporting soil structure occurs. The end fixities remain as fixed
default so rotation is proportional. The support node at the base of the columns have
fixed translational restraints and fixed rotational restraints in all directions to represent
the column-footing-soil interaction. The walls provide restraint in the vertically and
rotationally because moment transfer occurs under the small strains encountered at
serviceability. Figure ?? and 5.19 shows the column-structure and wall-structure inter-
action, global restraints and member end restraints used in the finite element model in
Strand 7 (2010). The slabs, band beams and drop panels are modelled as quad 4 plate
elements with the overall thickness specified for each area. The perimeter beams are
modelled as beam element with member geometry assigned. The 3D geometry of the
Strand 7 finite element model is shown in the 3D perspective shown in Figure 5.22.
The material properties are specified by manually adjusting the standard material li-
brary for AS3600-1994 32 MPa concrete. AS3600-1994 properties are different from
the materials properties in AS3600-2001, the floor structure was constructed 2002 with
AS3600-2001 concrete properties. However upon system identification this will vary for
the updated finite element model. The initial material properties are;
Modulus of Elasticity = 34.406 GPa
Poisson’s Ratio = 0.2
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Figure 5.18: Boundary conditions at Erina Fair
Concrete Density = 2.5 t/m3
The floor structure is given a coarse mesh by subdividing each plate and beam member
in the floor structure into 4 equal members, nodes were automatically created at quarter
points and half points along the length of the members. A linear static analysis is
performed and the deflected shape is checked for expected results. Any discrepancies
are fixed and the meshing and analysis process is run until the expected results are
achieved without errors. Figure 5.21 on page 81 shows the deflected shape.
A dynamic analysis is performed with the frequency solver and the first 10 modal
frequencies and shapes are shown in Table ??.
Slabs Initial Finite Element Model of Erina Fair
A finite element model of Erina Fair is created in Slabs (Inducta Engineering 2014).
The CAD file of the floor geometry imported into Slabs. Slabs (2014) is specialist finite
element and design software that is specific to analysis and design of 2-way reinforced
concrete slabs to Australian Standard AS3600 - 2001(Inducta Engineering, 2014). Slabs
(2014) only deals with bending in the vertical direction so rotation around the vertical
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Figure 5.19: Strand 7 (2010) end fixities and column structure interaction at Erina Fair
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Figure 5.20: Strand 7 (2010) 3D model
Figure 5.21: Strand 7 (2010) deflected shape of floor system at Erina Fair
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Table 5.3: Strand 7 Frequency Solver Results - Erina Fair
1st Mode Shape 6.436 Hz 2nd Mode Shape 6.959 Hz
3rd Mode Shape 7.005 Hz 4th Mode Shape 7.147 Hz
5th Mode Shape 7.373 Hz 6th Mode Shape 7.568 Hz
7th Mode Shape 7.630 Hz 8th Mode Shape 7.756 Hz
9th Mode Shape 7.883 Hz 10th Mode Shape 8.231 Hz
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Figure 5.22: Slabs (2014) 3D perspective output image
z-axis is fixed by default, and translation in the horizontal directions x-axis and y-axis
is fixed by default. The columns and walls provide restraint in the vertical direction.
Moment transfer between the floor structure and columns, walls, and footing into the
supporting soil structure occurs. Accordingly the ends of the members are set to
’fixed’ so rotation is proportional to the floor structure. The slabs, perimeter beams,
band beams and drop panels are modelled as plate elements with the overall thickness
specified for each area. The 3D geometry, slab, column and wall numbers of the Slabs
model is shown in the 3D perspective output file shown in Figure 5.22.
The material properties using the standard material library for AS3600-2001 32 MPa
concrete are;
Modulus of Elasticity = 34.406 GPa
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Figure 5.23: Slabs (2014) deflected shape of floor system at Erina Fair
Concrete Density = 2.5 t/m3
These properties will vary from what will be experienced during the small strains en-
countered during vibrations, so they are manually modified in accordance with SCI
P354 (SCI, 2009); Modulus of Elasticity = 38.0 GPa
Concrete Density = 2.35 t/m3
The floor structure is meshed with triangular plate elements at 1.0m. A linear static
analysis is performed and the deflected shape, Figure 5.23, is checked for expected
results. Any discrepancies are fixed and the meshing and analysis process is run until
the expected results are achieved without errors.
A dynamic analysis is performed and the results are shown in Table 5.4. The dynamic
analysis is limited to calculate the first 6 dynamic bending modes only.
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Table 5.4: Slabs Dynamic Analysis Results - Erina Fair
1st Mode Shape 3.72 Hz 2nd Mode Shape 3.94 Hz
3rd Mode Shape 4.14 Hz 4th Mode Shape 4.21 Hz
5th Mode Shape 4.25 Hz 6th Mode Shape 4.30 Hz
5.2 Initial Finite Element Models 87
5.2.3 Summary of Initial Finite Element Results
The initial finite element models of the Imperial Centre are in close agreement with
the natural frequency obtained from modal testing. The initial finite element model
of Erina Fair in Strand 7 are in close agreement with the natural frequency obtained
from modal testing. The natural frequency from the Slabs model was observed to be
about half that obtained from Strand 7 and modal testing. In the absence of modal
testing data the natural frequency solver for Slabs cannot be relied upon and may
result in unacceptable discrepancies between the modelled structure and the final built
structure. The discrepancies are somewhat larger than those expected from initial
models developed in other finite element software. The Slabs model will be checked for
user input error.
The relative error for the Imperial Centre area 1, area 2, and Erina Fair are shown
graphically in Figures 5.24, 5.25 and 5.26, respectively. The distribution of error shows
that the mass and stiffness in the initial FEM’s are not accurate to the real structures
in service. Ideally the relative error would be the constant across all mode shapes,
showing that the modal frequencies in the FEM are spaced in accordance with the
real structure. The finite element models will be calibrated to rectify the discrepancies
encountered. The results are tabulated in Table 5.5, 5.6 and 5.7.
Table 5.5: Comparison of Initial FEM and Measured Frequency - Imperial Area 1
Mode Measured Frequency Initial FEM Relative Difference
Mode fm (Hz) fi (Hz) %
1 4.979 4.800 -3.60%
2 5.186 4.929 -4.96%
3 5.305 5.169 -2.56%
4 5.453 5.341 -2.05%
5 5.516 5.446 -1.27%
6 5.584 5.567 -0.30%
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Table 5.6: Comparison of Initial FEM and Measured Frequency - Imperial Area 2
Mode Measured Frequency Initial FEM Relative Difference
Mode fm (Hz) fi (Hz) %
1 4.977 4.886 -2.31%
2 5.191 4.969 -4.28%
3 5.334 5.250 -1.57%
4 5.506 5.408 -1.78%
5 5.623 5.491 -2.35%
6 5.670 5.692 0.39%
Table 5.7: Comparison of Initial FEM and Measured Frequency - Erina Fair
Mode Measured Frequency Initial FEM Difference [Relative]
Mode fm (Hz) fi (Hz) %
1 5.988 6.436 7.48%
2 6.254 6.959 11.27%
3 6.498 7.005 7.80%
4 6.750 7.147 5.88%
5 7.000 7.373 5.33%
6 7.189 7.568 5.27%
7 7.344 7.630 3.89%
8 7.521 7.756 3.12%
9 7.566 7.883 4.19%
10 7.775 8.231 5.86%
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Figure 5.24: Relative difference between the initial FEM and the measured natural fre-
quency in floor area 1 at The Imperial Centre
Figure 5.25: Relative difference between the initial FEM and the measured natural fre-
quency in floor area 2 at The Imperial Centre
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Figure 5.26: Relative difference between the initial FEM and the measured natural fre-
quency at Erina Fair
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Table 5.8: Comparison of Slabs and Strand 7 Mode Shapes - Erina Fair
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5.3 Calibrated Finite Element Models
This section will present the calibration of the initial FEM’s for both supermarket
floor structures and the final FEM’s used for harmonic response and transient response
analysis. The dynamic characteristics estimated from the initial FEM’s in Strand 7
are a very close estimate to those in the built structures. To bring these estimates
into agreement with the actual structures the models will be manually calibrated and
damping ratio’s will be assigned based on the modal testing results.
5.3.1 Calibrated FEM of Imperial Centre
The updating procedure for the Imperial Centre will focus on calibrating the plate
element types, non-structural mass, Elastic Modulus of concrete, and beam boundary
conditions. It is difficult to calibrate a different stiffness in two direction for the plate
elements in Strand 7, and the spatial properties and beam/plate cross-sections in the
FEM are already accurate to the real structure because these were measured carefully
on-site and input into the model with a high degree of accuracy, so the cross-sectional
properties will remain unchanged.
The initial FEM’s of the Imperial Centre area 1 and area 2 are calibrated by converting
the quad 4 plate elements to quad 9 plate elements with an aspect ratio of 1:1. By trial
and error the mesh was made finer until the natural frequency converged at the lowest
natural frequency, resulting in the finest mesh at maximum computer efficiency. The
maximum side length of the plates is 0.25m, and an aspect ratio of 1:1 is maintained for
every plate element in the FEM. A 350 kg/m2 non-structural mass is added to represent
the pedestrian mass, non-structural partitions, floor coverings and stacked supermarket
shelves. The geometrical properties are as accurate as can be achieved without going
as far as representing the composite slab as a brick element with concrete properties
linked to plate elements with steel properties, accurately representing the different levels
of stiffness in two directions. The elastic modulus is manually adjusted to bring the
numerical natural frequency into agreement with the actual natural frequency. The
elastic modulus of concrete varies with age and grade, and in the case of the Imperial
Centre, the subject floor system was constructed prior to the 1970’s, this is an unknown
property and could vary greatly across the extent of the floor because it is not known
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Table 5.9: Final Frequency Results of Updated FEM -Imperial Area 1
Mode Measured Frequency Updated FEM Difference [Relative] Modal Damping
Mode fm (Hz) fu (Hz) (Hz) [%] ζ (%)
1 4.979 4.967 -0.012 [-0.24%] 0.753
2 5.186 5.151 -0.035 [0.67%] 0.782
3 5.305 5.274 -0.031 [0.58%] 0.764
4 5.453 5.418 -0.035 [0.64%] 0.778
5 5.516 5.541 0.025 [-0.45%] 0.802
6 5.584 5.584 0 [0.00%] 0.854
Table 5.10: Final Frequency Results of Updated FEM -Imperial Area 2
Mode Measured Frequency Updated FEM Difference [Relative] Modal Damping
Mode fm (Hz) fu (Hz) (Hz) [%] ζ (%)
1 4.977 4.976 -0.001 [-0.02%] 0.708
2 5.191 5.190 -0.001 [-0.02%] 0.767
3 5.334 5.318 -0.016 [-0.30%] -
4 5.506 5.479 -0.027 [-0.49%] 0.803
5 5.623 5.601 -0.022 [-0.39%] 0.845
6 5.670 5.659 -0.011 [-0.19%] 0.836
if quality control measures were implemented. Note that the grade of steel used during
this time is different, where the yield stress is 250 MPa, making no difference to our
model because the stresses encountered in serviceability are well below yield stress, the
Elastic Modulus remains 200 MPa. The updated frequency results for area 1 and area
2 at the Imperial Centre are given in Table 5.9 and 5.10, respectively.
5.3.2 Calibrated FEM of Erina Fair
The updating procedure for Erina Fair will focus on calibrating the plate element types,
non-structural mass, Elastic Modulus of concrete, and beam boundary conditions. The
spatial properties and beam/plate cross-sections in the FEM are already accurate to
the real structure because these were taken directly off the structural drawings and
confirmed on-site, and will remain unchanged.
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The initial finite element model is calibrated by converting the quad 4 plate elements to
quad 9 plate elements with an aspect ratio of 1:1. By trial and error the mesh was made
finer until the natural frequency converged at the lowest natural frequency, resulting
in the finest mesh at maximum computer efficiency. The maximum side length of the
plates is 0.25m, and an aspect ratio of 1:1 is maintained for every plate element in the
FEM. The ideal error between the measured frequency and the numerical frequency will
be constant. To calibrate the varying error, non-structural mass is added strategically
in the area’s shown in Figure 5.29. Modes 2 to 4 are showing the highest error, so
non-structural mass is added to the areas containing the peak mode shape ordinates
that do not occur in the mode shapes we do not want to alter. Coincidentally this
corresponds to the position of shop fronts with display merchandise and a coffee shop.
By adding this strategically placed non-structural mass the frequency is lowered in the
modes with the highest error so the error between adjacent modal frequencies remain
constant. The stiffness of the material is now altered so the error between measured
frequency and predicted frequency is relatively small.
The boundary conditions were altered by providing a rotational restraint at nodes along
the edges of slabs that are butting into another slab with a ’dowel joint’ that allow hori-
zontal movement at the joint, this is recommended by (SCI 2009). During serviceability
loading the blockwork walls can be assumed to provide rotational restraint, so the node
restraints are updated to provide rotational restraint in addition to the vertical restraint
already provided. The FEM is calibrated and the final relative error is in Table 5.11.
The measured and predicted modal frequency and shape are compared visually in Table
5.12 and 5.13. Unfortunately the original Matlab FDD/EFDD algorithm to form the
modeshapes combined ordinates from neighbouring modal frequencies because a cutoff
by +−0.5 Hz each side of the natural frequency was used to include all singular values in
the singular vector matrix for calculation of the particular modeshape at that picked
frequency, this has been rectified and the new modal frequencies and modeshapes are .
This was the cause of the error in my original assumption that the natural frequency at
6 Hz, 6.25 Hz, 6.5 Hz, 6.75 Hz and 7 Hz were noise to be disregarded. The algorithm was
optimised by including points of the mode shape vector +−0.015 Hz each side of the nat-
ural frequency, too small and the algorithm is unstable, too large and the mode shape
includes ordinates from neighbouring modal frequencies. In addition, every available
raw PSD of acceleration time history record at each channel was inspected for a good
signal to noise ratio, which was between 10 and 90 records inspected at each of the 90
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Figure 5.27: Relative error between measured and predicted natural frequency at Erina
Fair
Figure 5.28: Example of non-structural mass at Erina Fair
measured channels. This resulted in better resolution in the averaged PSD used for PP,
and a slightly better SVD plot, and more mode shapes calculated in the FDD/EFDD
technique. A more reliable mode shape estimate could be obtained by providing more
measured channels in each slab bay, perhaps including a measured channel at quarter
points, however this could work against the experiment by introducing more channels
the potential for more noise is introduced.
5.3 Calibrated Finite Element Models 96
Figure 5.29: Position and magnitude of non-structural mass at Erina Fair
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Table 5.11: Final Frequency Results of Updated FEM
Mode Measured Frequency Updated FEM Difference [Relative] Modal Damping
Mode fm (Hz) fu (Hz) (Hz) [%] ζ (%)
1 5.988 5.946 -0.042 [-0.70%] 0.908
2 6.254 6.279 0.025 [0.40%] 0.935
3 6.498 6.517 0.019 [0.29%] 1.009
4 6.750 6.797 0.047 [0.70%] 1.084
5 7.000 6.966 -0.034 [-0.49%] 0.982
6 7.189 7.138 -0.051 [-0.71%] 0.951
7 7.344 7.315 -0.029 [-0.39%] 0.876
8 7.521 7.506 -0.015 [-0.20%] 0.907
9 7.566 7.566 0 [0.00%] 0.899
10 7.775 7.810 0.035 [0.45%] 0.993
Figure 5.30: Relative difference between measured and predicted natural frequency at Erina
Fair
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Table 5.12: Predicted and Measured Modes 1 to 5 - Erina Fair
1st Mode Shape 5.946 Hz 1st Mode Shape 5.988 Hz
3rd Mode Shape 6.517 Hz 3rd Mode Shape 6.498 Hz
4th Mode Shape 6.797 Hz 4th Mode Shape 6.750 Hz
5th Mode Shape 6.966 Hz 5th Mode Shape 7.000 Hz
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Table 5.13: Predicted and Measured Modes 6 to 10 - Erina Fair
6th Mode Shape 7.138 Hz 6th Mode Shape 7.189 Hz
7th Mode Shape 7.315 Hz 7th Mode Shape 7.344 Hz
8th Mode Shape 7.506 Hz 8th Mode Shape 7.521 Hz
9th Mode Shape 7.566 Hz 9th Mode Shape 7.566 Hz
10th Mode Shape 7.810 Hz 10th Mode Shape 7.775 Hz
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5.4 Chapter Summary
This chapter has presented the initial and calibrated finite element models for the
structural floor systems at the Imperial Centre in Gosford, NSW and Erina Fair in
Erina, NSW. The initial finite element models by coincidence provided a very close
estimate of the natural frequency for all FEM’s at the Imperial Centre and Erina Fair.
The spatial properties, that is spans, widths and cross-sectional geometry, are fairly
straight-forward to estimate with a high degree of accuracy. The material properties
and boundary conditions are more complex to predict, however (SCI 2009) provide
guidance on these in order to achieve a more accurate initial FEM.
Chapter 6
Vibration Serviceability and
Excitation Models
6.1 Chapter Overview
The floor vibrations at the Imperial Centre are caused by harmonic walking excitation
from pedestrians and impulse excitation from the movement of goods. Erina Fair is
only subject to pedestrian induced loading. This chapter evaluates the serviceabil-
ity of the impulse response vibration and harmonic response vibrations. The chapter
assesses the robustness of the floor system at the Imperial Centre by comparing the
theoretical and actual measured impulse response, however the main component of this
chapter assesses the harmonic serviceability by comparing a range of existing design
procedures for evaluating vibration serviceability. The response predicted by apply-
ing existing and modified excitation models to the calibrated FEM’s are compared to
the measured acceleration response. Some modifications to existing models have been
made to accommodate the subject floor systems. The floor bays with maximum modal
amplitude were monitored during typical operations for a business day. The largest
range of pedestrian traffic occurs on Saturday, beginning with single person loading in
the early morning hours and increasing to a maximum crowd load at about 12pm to
1pm.
The design procedures reviewed in this research are from national standards and sci-
entific literature published in the last 11 years that deal with vertical dynamic load
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models for multi-person pedestrian traffic:
Time domain harmonic force models:
1. ISO 10137 (Last Updated 2012)
2. French Setra Guideline (2006)
3. UK National Annex to Eurocode 1 (2003)
Frequency domain harmonic force models:
1. Brownjohn et al. (2004)
2. Response Spectrum Method (Ingolfsson, Georgakis & Svedsen 2008b, ?) (Georgakis
& Ingolfsson 2008a)
The point expressed in this chapter is that supermarket floor systems will experience
harmonic response and impulse response during normal operating conditions. Impact
from the movement of bulk goods stacked on pallets when restocking the shelves can
cause an impulse vibration in the floor so treatment of these actions is warranted when
designing light-weight composite floors. It will be shown in this chapter that a light-
weight composite floor generally has less robustness when compared to a traditional
RC floor. Furthermore, the frequency content from a single person is already exhaus-
tively researched and well documented, and an accurate multi-person excitation model
is required for supermarket floor systems. Any further work on a single person model
would be a large pointless task for two reasons. The first reason is that the frequency
content of a single person walking is so well developed that any further calibration
would involve exhaustive efforts to quantify current assumptions. The second reason
is that most important structures are rarely excited by a single person. The mass
and frequency content from a group of pedestrians is required to provide a more ac-
curate dynamic assessment of structures. Current excitation models are developed on
either the assumption that groups of pedestrians are perfectly correlated or perfectly
uncorrelated, that is, having either the same frequency content as a single person or the
frequency content has a Gaussian distribution. The problem is developing a model that
shows the relationship of how the frequency content in a group of pedestrians changes
with the number of pedestrians and their spatial distribution. Brownjohn et al. (2004)
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touches on this subject in their research towards a frequency domain model of input
excitation. The French Setra Guideline and UK NA to Eurocode 1, the two most accu-
rate time domain models for modelling pedestrian bridges according to Zivanovic et al.
(2010), assume that the frequency content from a group of pedestrians intially follow
a Gaussian distribution and then applies a modification factor reducing the magnitude
of the input force as it deviates away from the natural walking harmonics of a single
person. It is also noteworthy that Zivanovic et al. (2010) shows a harmonic at 5Hz
for walking, and Brownjohn et al. (2004) shows a harmonic at 6Hz for a single person
walking, both the 5 Hz and 6 Hz walking harmonic are of interest to the test subjects
(Figure 6.1). The UK NA to Eurocode 1 allows for the excitation of any mode up to
8 Hz, which is relevant to Erina Fair because it’s dominant mode, within the band of
interest, is 7.438 Hz, even though the structure is not excited to a level of human per-
ception, existing design methods can be applied as a comparative exercise. The French
Setra Guide and UK NA to EC1 initially follow a Gaussian distribution of input and
then apply a reduction factor to the magnitude, with a factor of 1.0 at about 2Hz and
decaying to 0.05 at 8Hz and 0 at 0 Hz Figure. Furthermore the ”lock-in” phenom-
ena describing the interaction between groups of pedestrians and the structure, where
the group of pedestrian begin with frequencies randomly distributed around an aver-
age value and with random phase shifts, the group perceives the vibration mode and
gradually coordinate at a common frequency, the natural frequency of the structure.
The two most recent cases of this occuring are the Millenium Bridge and the Solferino
Bridge (French Setra, 2006). In-situ tests on these two structures confirmed this phe-
nomena. In detail, the pedestrian will perceive the vibration and become unbalanced,
so to regain and maintain balance during the vibration event the pedestrian will step
out of their normal pacing frequency and match that of the structures. This shows that
any structure subjected to pedestrian traffic can not be considered safe from vibration
problems because it’s natural frequency was not a multiple of 2 Hz. French Setra Guide
considers any vibration mode up to 5 Hz, and UK NA to EC1 considers any vibration
mode up to 8 Hz a potentially excitable mode.
6.2 Measured Harmonic Response
All car parking is completely full at 1pm on Saturday in both structures. Navigat-
ing around the subject floor at the Imperial Centre is not overly difficult with room
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Figure 6.1: (a)Excitation potential and reduction factors for French Setra and UK NA
EC1 (Zivanovic et al. 2010) (b) Frequency content of walking according to Zivanovic et al.
(2010) (c) Frequency content of walking according to Brownjohn et al. (2004)
to move around other pedestrians, it was estimated that peak pedestrian density is
between 0.4 and 0.6 pedestrians per square metre for pedestrians. Navigating around
other pedestrians at Erina Fair is more difficult with minimum free space surrounding
individual people with a mixture of trolleys and individual standard pedestrians, the
pedestrians are tightly packed at about 0.6 to 0.8 pedestrians per square metre. Figure
6.2 shows the distribution of pedestrians during normal operating conditions, noting
that pedestrian density is slightly higher and more continuous across the structure at
the peak period from 11am to 1pm.
The dominant mode of interest at Imperial Centre is fn = 5.541 Hz for floor area
1, and fn = 4.973 Hz for floor area 2. The dominant mode at Erina Fair is fn =
7.344 Hz. Each modal frequency is isolated with a rectangular band pass filter with
a cut-off frequency at +−0.1 Hz on each side of the identified resonant peak to get the
modal response in each mode of interest. The rectangular band pass filter was cho-
sen because it has sharp edges and can isolate the closely spaced modal frequencies
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Figure 6.2: Pedestrian density during typical operations. Higher density during peak peri-
ods
of interest. The filtered time domain signal is overlaid on the original time domain
signal in Table 6.2. Peak accelerations can be observed in a probabilistic nature, and
a return period assigned to observed events. The maximum measured acceleration of
the floor system is non-deterministic and will depend on the length of the observation
time. A statistical treatment of the measured response is used for comparison with
the calculated response, with the possibility of allowing for some exceedance of peak
responses in real world structures. A probability of non-exceedance vs measured accel-
eration event is accomplished by plotting a cumulative distribution of absolute values of
instantaneous peak, local peak (peak per cycle), and 100s peak values per data block.
This is presented in Table 6.2. The instantaneous peak, 50th and 95th percentile peak
accelerations are in Table 6.1.
6.2.1 Evaluation of Harmonic Vibration Serviceability
The measured harmonic response of the floor systems at the Imperial Centre and Erina
Fair are not outside the recommended limits for AISC/CISC DG11 (Figure 6.3), or
SCI P354 (Figure
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Table 6.1: Measured peak accelerations
Floor Structure Mode
Imperial - area 1 (fn = 5.584 Hz, ζ = 0.854)
apeak= 0.0078g
a95%= 0.0017g
a50%= 0.0006g
Imperial - area 2 (fn = 4.977 Hz, ζ = 0.708)
apeak= 0.0051g
a95%= 0.0011g
a50%= 0.0004g
Erina Fair (fn = 7.344 Hz, ζ = 0.876)
apeak= 0.0015g
a95%= 0.00081g
a50%= 0.00031g
Table 6.2: Raw and Filtered Acceleration Time Signals and Probability of Non-Exceedance
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Figure 6.3: Serviceability evaluation of harmonic response
6.3 Response to Impact at Imperial Centre 108
6.3 Response to Impact at Imperial Centre
The harmonic vibration at the Imperial Centre is clearly not the response causing
serviceability issues. The peak measured impact response is 13%g (Figure 6.4), which is
a fairly high acceleration. The time history is clipped to the relevant information(Figure
6.5). The FFT of the time history is taken to reveal the PSD plot (Figure 6.6). The
impact excites a broad range of modes, the dominant mode excited is at 120.5 Hz.
AISC/CISC DG11 only allows for serviceability evaluation or acceptance of harmonic
response and rhythmic excitation and does not allow for the acceptance of impulse
response. SCI P354 (2008) and BS 6472.1:2008 (2008) treat such intermittent impulse
vibrations by assigning vibration dose values, depending on how many ’events’ an in-
dividual will be subjected too in the 1 to 100 Hz range. This vibration dose value
is then used to calculate the probability of adverse comment. This area requires fur-
ther investigation because the vibration is outside the scope of the current standards,
AISC/CISC DG11 (2003), SCI P354 (2009) and BS 6472.1 (2008) but is clearly causing
a serviceability problem to the occupants.
To allow for the evaluation of impact serviceability this research has used a robustness
approach. It is evident by comparing the magnitude of the acceleration response at the
Imperial Centre and Erina Fair, that a composite floor structure has less robustness
than a monolithic reinforced concrete structure, where both structures are subject
to very similar pedestrian actions, although it should be noted that Erina Fair was
designed with static actions in excess of the minimum required for shopping centres,
which will contribute towards having more stiffness and robustness, but this is not the
only contributing factor.
The floor at the Imperial Centre is subject to movement of bulk materials and palletized
goods. Pallets are packed for maximum efficiency during transport. The pallets are
transported on 40 tonne trucks and 40 pallets can fit on a truck. So the pallets will
have an average mass of 1000kg. A standard Chep pallet in Australia is 1165mm x
1165mm x 150mm thick (Chep 2014). For simplicity, mass is assumed to be evenly
distributed across the pallet. The pallets are moved around the supermarket using a
hand operated pallet jack (Handling 2014). The pallets are raised by hydraulic jack
to allow transport around the supermarket. When the pallets are in position load is
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released and the pallet comes in contact with the floor. The load is not always released
slowly and depends on the operator, sometimes the pallet can have a sudden impact on
the floor. Ali, Sun, Lam, Zhang & Gad (2013) presented a very accurate method for
determining the total deflection of systems subject to low velocity impact, that is an
impact velocity less than 10 m/s. The method was tested by Ali et al. (2013) against
experimental deflection and deflection predicted using LS-DYNA. The calculation of
dynamic deflection is defined following Ali et al. (2013);
∆ = ∆s +
√
∆2s + δ
2
δ =
mvo√
mk
∆s =
mg
k
δ = β
mvo√
mk
β =
√
1
1 + α
(6.1)
Where ∆ is the total deflection, that is static plus dynamic deflection. ∆s is the static
deflection. α and β are reduction factor for equivalent mass contributing to the inertial
effects in the system. m is the mass, k is the stiffness of the target, g is the acceleration
due to gravity. vo is the impact velocity.
The total mass of the floor panel is 34904kg form strand 7, but only a fraction of this
is engaged and contribute to the inertial effects of the equivalent SDOF system, about
0.4, so the floor mass to include in the analysis is 0.4x34904=13962kg. The initial static
deflection from Strand 7 analysis is 1.154 mm, or 0.00154 m. The equivalent SDOF
stiffness k is;
∆s =
mg
k
0.00154 =
13962× 9.81
k
k = 88937205N/m
(6.2)
The equivalent mass, α and β, where α is the mass of the target divided by the mass
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of the impactor;
αm = 13962
α =
13962
1000
α = 13.962
β =
√
1
1 + 13.962
β = 0.259
(6.3)
The impact velocity is;
vo =
√
2gh
vo =
√
2× 9.81× 0.15
vo = 1.716m/s
(6.4)
The dynamic components;
δ = β
mvo√
mk
δ = 0.259
1000× 1.716√
1000× 88937205
δ = 0.001820m
(6.5)
The total deflection under impact loading is;
∆ = 1.154 +
√
1.1542 + 1.1822
∆ = 2.806mm
(6.6)
For a 1000kg mass the static deflection is 1.154mm, the total deflection under 1000kg
impact is 2.806mm. Whereas the total deflection using a 3.6 kN point load as specified
in AS1170.1:2002 results in a total deflection of 0.001071m or 1.071mm, about half of
what is expected by the impact of a pallet of goods suddenly released by a pallet jack.
The dynamic deflection using a mass of 3600N9.81 = 367kg is calculated as follows;
The equivalent mass, α and β;
α =
13962
367
α = 38.044
β =
√
1
1 + 38.044
β = 0.160
(6.7)
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The dynamic components;
δ = β
mvo√
mk
δ = 0.160
(367)× 1.716√
367× 88937205
δ = 0.000558m
(6.8)
The total deflection under impact loading is;
∆ = 1.071 +
√
1.0712 + 0.5582
∆ = 2.279mm
(6.9)
It is noteworthy that AS1170.0-2002 provides a maximum sidesway acceleration for
floors in ’Table C1-Suggested Serviceability Limit State Criteria’, but no guidance on
vertical acceleration limits or a deflection limit under harmonic or impulse actions.
Further work is required in this area to approximate the time that the force is applied,
and more accurate mass approximations are required. The recorded acceleration time
signal was integrated twice to give a displacement time history, however a minor cu-
mulative error results in the displacement not returning to zero but trending towards
another number, which is not the case, refer to Figure 6.7.
6.4 ISO 10137
ISO 10137 (ISO, 2007), with recent ammendments made in 2012, handles vibration
serviceability of walkways. It presents a harmonically applied vertical point load for
a multi-person pedestrian traffic. It is applied at the most undesirable point on the
structure. Zivanovic et al. (2010) modified the original equation for a group of un-
coordinated pedestrians by multiplying it by
√
N . ISO 10137 was updated in 2012
with some adjustments to the section on human induced vibrations, in particular, the
force is now multiplied by
√
N
N for uncoordinated pedestrians, where N is the number
of pedestrians in the group. The resulting harmonically applied force is applied at mid-
span of all slab panels that allow movement of pedestrians. That is, no force is applied
to areas with fixed counters, display cabinets and other obstacles where pedestrians
cannot walk freely. The time domain excitation model is as follows
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Figure 6.4: The acceleration response to an impact loading at the Imperial Centre
Figure 6.5: The clipped time history record of the impact loading acceleration response at
the Imperial Centre
Figure 6.6: The PSD of the impact loading acceleration response at the Imperial Centre
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Figure 6.7: The displacement time history from double integration
Figure 6.8: The static deflection of a single slab panel from Strand 7
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Fv(t) =
√
N
N
Q
(
1 + Σkn=1an,vsin(2pinft+ φn, v)
)
(6.10)
The reduction factor
√
N
N gives a consistent underestimate of the modal response, pre-
viously the reduction factor was
√
N and lead to overestimates of the modal response.
A slight underestimate is preferred because a designer will tend to add stiffness to the
structure while not being overly conservative. An overestimate will lead to a false sense
of security when designing for vibration serviceability. In this research, for the 3rd
harmonic of the group of pedestrians, the relative error between predicted and actual
response was -70.51% for area 1, and -71.57% for area 2. The relative error at Erina
Fair, using the 4th harmonic of a group of pedestrians is -35.11%. The reduction factor
is modified to
√
N
0.8N for the 3rd and 4th harmonic. This results in a harmonically applied
action of 120N for floor area 1 and 2 at the Imperial Centre, 117 N for Erina Fair. Re-
ducing the relative error in all 3 structures to -30%, thus resulting in a more accurate
but conservative underestimation. Further work includes testing the modified version
on structures with lower natural frequency, particularly in the range of the 1st and 2nd
harmonic of walking. It is predicted that the original equation in ISO 10137 using
√
N
N
may be better modified by a factor in the range of 10.5 , thus increasing the point load
even more. The reason for this is that it is ideal to have a varying reduction factor
that follows the same trends as UK NA to EC1, and the French Setra Guide. Ideally
an slight underestimate is preferred, leading to a design that is not overly conservative.
6.5 French Setra Guide
The French Setra Guide distinguishes between 4 classes of footbridge based on the
expected level of pedestrian activity. Both structures are closely related to a class
2 bridge with a pedestrian density between 0.6 and 0.8 ped/m2. The code does not
consider modes over 5 Hz in the second harmonic of the crowd. For Erina Fair with
dominant frequency of 7.344 Hz the code does not consider vibration problems to be a
risk, which is a fair assessment considering the subject structure is not easily excited.
The harmonically applied force is;
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Fn(t) =
F0
A
Neqψcos(2pifnt)
Neq = 10.8
√
Nζ
(6.11)
Interestingly the number of equivalent pedestrians Neq is a function of the damping
ratio ζ and the number of pedestrians N acting on the structure. The model was devel-
oped with 95% probability of non-exceedance. The static action of a single pedestrian
is 280 N, which is 40% of 700N, because the guide considers that a the load amplitude
of a pedestrian is distributed from one foot to another during the step. The harmonic
pressure will be applied to the FEM’s along the pedestrian path’s and not across areas
with permanent fixtures and restrictions to pedestrian flow. The results for the two
floor systems at Imperial Centre are calculated in Table 6.7 and ??.
6.6 UK NA to Eurocode 1
The UK National Annex to Eurocode 1 defines models for groups of people either
walking or jogging, and for crowd loading (Zivanovic & Pavic 2011). Crowd loading
is groups of pedestrians equal to or more dense than 0.4 pedestrians/m2. Following
Zivanovic et al. (2010), the UK National Annex to Eurocode 1 (BSI, 2008), the load
per unit area is;
fN (t) = 1.8
F0
A
k
√
γN
λ
sin(2pifnt) (6.12)
Where A is the area of the deck defined by vertical component of the mode shape
divided by 0.634 times the maximum of the vertical component of the mode shape, F0
is the reference loading of 280 N and fn is the natural frequency of the relevant vibration
mode. Factor γ takes into account the lack of correlation between pedestrians. Factor
k accounts for the probability of walking at the resonant frequency, and λ adjusts for
the number of effective pedestrians and their position relative to mode shape.
λ =
∫ L
0 |φ(x)| /φmaxdx
L
(6.13)
L is the length of the loaded area, and φ(x) and φmax are the mode shape and it’s
maximum ordinate. This equation is applicable to bridges with mode shape bending in
a single direction, along the span of the bridge. With many floor structures the mode
6.7 Brownjohn et al. (2004) 116
shape bending is in two directions. This equation is modified here to allow a reduction
factor accounting for bending in two directions;
λ =
∫ B
0
∫ L
0 |φ(x, y)| /φmaxdxdy
A
(6.14)
Where A is the area of the floor under consideration (L x B), where only the excited
area of floor is considered in the respective mode. φ(x, y) is the mode shape ordinate
at the position (x,y), ’L’ is the length in the x direction, and ’B’ is the width in
the ’y’ direction. φ(max) is the maximum ordinate of the mode shape. To test this
modification λ is calculated for the mode shapes of a single span beam with it’s end’s
fixed, a square plate and a rectangular plate with their edges fixed. If λ for the beam
is found to be close or the same to either of the plates, the simple single direction
modification factor is to be used. It is believed that the first mode shape will yield the
same λ factor for all 3 cases, but as the modes get higher and the mode shapes become
more complex and rather different λ will vary. Zivanovic et al. (2010) suggest that
λ = 0.64 for any sinusoidal mode shape, and is used here as an approximation. Future
work will include the conversion to allow bending in two directions.
The results for the two floor systems at Imperial Centre, and the floor system at Erina
Fair are calculated in Table 6.8, 6.9 and 6.10.
6.7 Brownjohn et al. (2004)
Brownjohn et al. (2004) present a model in the frequency domain and it uses a Gaussian
distribution of pacing rates as the input parameter. The model is a PSD induced by
N pedestrians;
SP,n =
N
2n
W 2φ(fp)G
2
n(fp) (6.15)
where n is the forcing harmonic considered, W is the average pedestrian weight, φ(fp) is
the probability distribution of pacing rate while Gn(Fp) is the dynamic loading factor.
After SP,n is calculated the PSD of acceleration response Sa(f) to the relevant harmonic
of the walking force is obtained using Newland (1993) (Zivanovic et al. 2010), assuming
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perfect correlation between pedestrians;
Sa(f) = |H(f)|2SP,n (6.16)
where H(f) is the accelerance frequency response function of the floor structure. The
square root of the area under the PSD is then calculated to estimate the root-mean
square (RMS) of the vibration response. The model is then further developed to account
for the effects of mode shape and synchronisation between pedestrians. Synchronisation
is accounted for by use of a coherence function coh(f, z1, z2). The PSD of the accelera-
tion response for the fundamental harmonic is then written as (Zivanovic et al. 2010),
assuming no correlation between pedestrians:
Sa(f) = ψ
2
z |H(f)|2SP,1
∫ L
0
∫ L
0
ψz1ψz2coh(f, z1, z2)dz1dz2 (6.17)
For no coherence, that is, no correlation between pedestrians, the double integral is
equal to L
2
2N (Brownjohn, Pavic & Omenzetter 2004). It has been assumed that no
correlation exists between pedestrians.
H(f) =
1
mr
−f2
f2r (1− f
2
f2r
+ 2iξ ffr
(6.18)
With further research using the actual transfer function and an actual response, the
theoretical input spectrum by Brownjohn et al. (2004) can be verified, and an approx-
imation to the coherency function can be determined. The results of the Brownjohn et
al. (2004) method are presented in Table 6.11, 6.12 and 6.13.
6.8 Response Spectrum Method
The response spectrum method (?); (?) and derived in (Zivanovic et al. 2010) is a
simple method of dealing with human induced vertical vibrations on footbridges. The
method was formulated in single span simply supported bridges. This research will test
the suitability to a multi-bay continuous 2-way span floor structure excited by actions
encountered during typical operations of a supermarket. The peak modal acceleration
in the nth mode is;
an(TR, r) = ar(TR, r)
M0
Mn
√
λβσβLβPhiβj (6.19)
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Where Mn and M0 are the modal masses of the actual and reference structure, respec-
tively, and λ is the actual pedestrian flow rate. The empirical multiplication factors
βσβLβPhi βj are governed by the actual damping, span and mode shape. The biggest
challenge is the production of a mode shape reduction factor βj . An attempt is made
here to estimate this number.
ar(TR) = Aµe
−(Dµ−r)2
Bµ + C1(TR)e
−(Dψ−r)2
Bψ + C2(TR)
(6.20)
The reference response spectrum is reconstructed in Figure 6.9 to include approxima-
tions to the 3rd, 4th and 5th harmonics of walking. The approximation is based on the
ratio of the 2nd to 3rd harmonic, 3rd to 4th harmonic and 4th to 5th harmonic that
Brownjohn et al. (2004) and the UK NA to EC1 use. The reduction ratios were ap-
plied to the factors to provide approximations to these unknown harmonics. As walking
moves into the higher harmonics the ratio becomes smaller, it can be seen in Brown-
john et al. (2004) and UK NA to EC1 that the reduction from 1st harmonic to 2nd
harmonic is large, and reduces to smaller reduction ratio when comparing the higher
harmonics 2 to 3, 3 to 4 and 4 to 5. Thus the error created from these approximate
reduction factors in the higher harmonics of interest will be relatively small.
The synchronisation between the pedestrians and structure in the Imperial Centre is
small, and is almost zero in Erina Fair because the vibrations are not perceptible to
it’s occupants. The modification factor βφ accounting for flow rate is;
Bφ =
√
φxS (6.21)
Where S is a ”synchronisation” factor so far undefined by Ingolfsson. So assuming no
pedestrian structure interaction occurs, a very accurate estimate for Erina Fair, because
the vibrations are not perceptible, S=1.
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Figure 6.9: The reconstructed reference response spectrum to include approximate 3rd to
5th harmonics
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Table 6.3: ISO 10137 - Imperial Floor 1 Results
Factor Description Value Unit
an,v Dynamic Load Factor 0.06 −
Q Static load of one pedestrian 700 N
f Pacing Frequency 5.584 Hz
φ(n, v) Phase angle 0 rad
n nth harmonic 3 −
k Number of harmonics 1 −
N Number of uncoord. pedestrians 0.8x9.1x8.2=60 −
Fv Dynamic force amplitude 96 N
apeak Predicted peak acceleration 0.00368 g
Fv Modified dynamic force amplitude 120 N
apeak Modified predicted peak acceleration 0.00639 g
Table 6.4: ISO 10137 - Imperial Floor 2 Results
Factor Description Value Unit
an,v Dynamic Load Factor 0.06 −
Q Static load of one pedestrian 700 N
f Pacing Frequency 4.977 Hz
φ(n, v) Phase angle 0 rad
n nth harmonic 3 −
k Number of harmonics 1 −
N Number of uncoord. pedestrians 0.8x9.1x8.2=60 −
Fv Dynamic force amplitude 96 N
apeak Predicted peak acceleration 0.00414 g
Fv Modified dynamic force amplitude 120 N
apeak Modified predicted peak acceleration 0.00482 g
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Table 6.5: ISO 10137 - Erina Results
Factor Description Value Unit
an,v Dynamic Load Factor 0.06 −
Q Static load of one pedestrian 700 N
f Pacing Frequency 7.344 Hz
φ(n, v) Phase angle 0 rad
n nth harmonic 4a −
k Number of harmonics 1 −
N Number of uncoord. pedestrians 0.8x8.4x8.7=58 −
Fv Dynamic force amplitude 94 N
apeak Predicted peak acceleration 0.00097 g
Fv Modified dynamic force amplitude 117 N
apeak Modified predicted peak acceleration 0.00125 g
Table 6.6: French Setra - Imperial Floor 1 Results
Factor Description Value Unit
Bridge/Structure Class 2 −
F0 Static load of one ped. 280 N
A Area of floor panel 9.1x8.2=75 m2
fn Natural Frequency of Struct. 5.344 Hz
N Number of People in Crowd 0.8x75=60 people
ζ Damping ratio of rel. mode 0.00802 −
Neq Equiv No. of ped’s 75 −
ψ Load Reduction Factor 0.2 −
Fn Dynamic force amplitude 54.8 N/m
2
apeak Predicted peak acceleration 0.00381 g
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Table 6.7: French Setra - Imperial Floor 2 Results
Factor Description Value Unit
Bridge/Structure Class 2 −
F0 Static load of one ped. 280 N
A Area of floor panel 9.1x8.2=75 m2
fn Natural Frequency of Struct. 4.973 Hz
N Number of People in Crowd 0.8x75=60 people
ζ Damping ratio of rel. mode 0.00802 −
Neq Equiv No. of ped’s 75 −
ψ Load Reduction Factor 0.2 −
Fn Dynamic force amplitude 52.7 N/m
2
apeak Predicted peak acceleration 0.00986 g
Table 6.8: UK NA to Eurocode 1 - Imperial Floor 1 Results
Factor Description Value Unit
F0 Reference Load 280 N
A Area of Floor Panel 47.55 m2
fn Nat. Frequency of Floor 5.344 Hz
N Number of people in crowd 29 -
γ Synch factor 0.0593 -
λ Span reduction factor 0.64 -
k Load reduction factor 0.16 -
fN (t) Dynamic force amplitude 2.7 N/m
2
apeak Predicted peak acceleration 0.00015 g
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Table 6.9: UK NA to Eurocode 1 - Imperial Floor 2 Results
Factor Description Value Unit
F0 Reference Load 280 N
A Area of Floor Panel 47.55 m2
fn Nat. Frequency of Floor 4.973 Hz
N Number of people in crowd 29 -
γ Synch factor 0.0524 -
λ Span reduction factor 0.64 -
k Load reduction factor 0.18 -
fN (t) Dynamic force amplitude 2.9 N/m
2
apeak Predicted peak acceleration 0.000045 g
Table 6.10: UK NA to Eurocode 1 - Erina Fair Results
Factor Description Value Unit
F0 Reference Load 280 N
A Area of Floor Panel 46.35 m2
fn Nat. Frequency of Floor 7.344 Hz
N Number of people in crowd 27.8 -
γ Synch factor 0.0648 -
λ Span reduction factor 0.64 -
k Load reduction factor 0.08 -
fN (t) Dynamic force amplitude 1.4 N/m
2
apeak Predicted peak acceleration 0.00048 g
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Table 6.11: Brownjohn et al. Method - Imperial Floor Area 1 Results
Factor Description Value Unit
W Avg. weight of pedestrian 735 N
N Number of pedestrians 0.4x940=376 -
n Forcing Harmonic 3 -
φ(fp) Prob’ty dist’n of pacing rate 0.987 -
G3(fp) Dyn. Load factor for nth harmonic 0.042 -
SP,3 PSD of input force (3rd harmonic) 530542 -
H(f) Accelerance FRF of structure 0.00208694 -
Sa(f) PSD of acceleration response (correlated) 11.963 m/s2
Sa(f) PSD of uncorrelated response 0.03676 m/s2
Sa(f) convert to g acceleration 0.00375 g
Table 6.12: Brownjohn et al. Method - Imperial Floor Area 2 Results
Factor Description Value Unit
W Avg. weight of pedestrian 735 N
N Number of pedestrians 0.4x720=288 -
n Forcing Harmonic 2 -
φ(fp) Prob’ty dist’n of pacing rate 0.987 -
G2(fp) Dyn. Load factor for nth harmonic 0.053 -
SP,2 PSD of input force (2nd harmonic) 431406 -
H(f) Accelerance FRF of structure 0.00484563 -
Sa(f) PSD of acceleration response (correlated) 42.354 m/s2
Sa(f) PSD of uncorrelated response 0.0706 m/s2
Sa(f) convert to g acceleration 0.0072 g
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Table 6.13: Brownjohn et al. Method - Erina Results
Factor Description Value Unit
W Avg. weight of pedestrian 735 N
N Number of pedestrians 0.4x600=240 -
n Forcing Harmonic 4 -
φ(fp) Prob’ty dist’n of pacing rate 0.987 -
G2(fp) Dyn. Load factor for nth harmonic 0.041 -
SP,4 PSD of input force (2nd harmonic) 430280 -
H(f) Accelerance FRF of structure 0.00189694 -
Sa(f) PSD of acceleration response (correlated) 4.732 m/s2
Sa(f) PSD of uncorrelated response 0.0157 m/s2
Sa(f) convert to g acceleration 0.0016 g
Table 6.14: Response Spectrum Method - Imperial 1 Results
Factor Description Value Unit
ar Reference acceleration 0.165 m/s
2
f Nat. frequency 5.584 Hz
fp Mean pacing frequency 1.8 Hz
Mn Modal mass 143440 kg
βm Mod. factor 0.697 -
ζ Damping 0.00854 -
βζ Mod. factor 3.061 -
L Length 9.2 m
βL Mod. factor 3.749 -
S Synch. factor 1 -
βγ Mod. factor 1 -
βj Mod. factor 0.02 -
aj Acceleration amplitude 0.002692 g
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Table 6.15: Response Spectrum Method - Imperial 2 Results
Factor Description Value Unit
ar Reference acceleration 0.175 m/s
2
f Nat. frequency 4.977 Hz
fp Mean pacing frequency 1.8 Hz
Mn Modal mass 189730 kg
βm Mod. factor 0.527 -
ζ Damping 0.00708 -
βζ Mod. factor 1.805 -
L Length 9.2 m
βL Mod. factor 2.696 -
S Synch. factor 1 -
βγ Mod. factor 1 -
βj Mod. factor 0.02 -
aj Acceleration amplitude 0.000915 g
Table 6.16: Response Spectrum Method - Imperial 1 Results
Factor Description Value Unit
ar Reference acceleration 0.127 m/s
2
f Nat. frequency 5.584 Hz
fp Mean pacing frequency 1.8 Hz
Mn Modal mass 143440 kg
βm Mod. factor 0.697 -
ζ Damping 0.00854 -
βζ Mod. factor 3.061 -
L Length 9.2 m
βL Mod. factor 3.749 -
S Synch. factor 1 -
βγ Mod. factor 1 -
βj Mod. factor 0.02 -
aj Acceleration amplitude 0.002692 g
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Table 6.17: Response Spectrum Method - Erina Fair Results
Factor Description Value Unit
ar Reference acceleration 0.127 m/s
2
f Nat. frequency 7.344 Hz
fp Mean pacing frequency 1.8 Hz
Mn Modal mass 57920 kg
βm Mod. factor 1.727 -
ζ Damping 0.00876 -
βζ Mod. factor 6.515 -
L Length 8.4 m
βL Mod. factor 12.2315 -
S Synch. factor 1 -
βγ Mod. factor 1 -
βj Mod. factor 0.02 -
aj Acceleration amplitude 0.0463 g
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6.9 Chapter Summary
Vibration from impact loading is the cause of serviceability issues at the Imperial
Centre, some existing robustness checks are bought together in this chapter to allow
for the initial evaluation of impacts encountered on supermarket floor systems. With
further work, the simplified calculation method for the floor response to impacts Ali
et al. (2013) could be a useful tool for the evaluation of serviceability in supermarket
floor systems. The method was developed by Ali et al. (2013) to determine whether
further analysis by a complex FEM is required. In the case of the Imperial Centre a
complex FEM for the analysis of impact loading is called for, however limited time has
not allowed a thorough analysis, and will be included in future work. The harmonic
response from pedestrians is not causing any serviceability issues because the peak
accelerations are barely perceptible according to AISC/CISC DG11. The predicted
and measured (in square brackets) acceleration responses on Floor Area 1 and Floor
Area 2 at Imperial Centre, Gosford in Table 6.18 and Table 6.19, and Erina Fair in
Table 6.20. The relative percent error (%) with regard to the measured response is also
presented in the square brackets.
Table 6.18: Comparison of Design Methods - Imperial Floor Area 1
Mode Dominant Mode (fn = 5.541 Hz, ζ = 0.802)
ISO 10137 apeak= 0.0023g [0.0078g, -70.5%]
French Setra apeak= 0.00381 [0.0078g, -51.15%]
UK NA apeak= 0.000153 [0.0078g, -98.03%]
Brownjohn aRMS= 0.00375 [0.00551g, -31.99%]
Response Spectrum a95%= 0.00269 [0.0017g, 58.24%]
modified ISO 10137 apeak= 0.00639g [0.0078g, -18.08%]
The excitation model in ISO 10137 was previously found by Zivanovic et al. (2010) to
have a high error, which overestimated by a factor of 4 and underestimated by a half
for the two subject footbridges, because of it’s conservative multiplication factor
√
N
(Zivanovic et al. 2010). However ammendments to the code occurred in 2012 after the
work by Zivanovic et al. (2010), and it was found in this research to be consistently
underestimating the response when applying it as a harmonic point load at midspan
of all slab panels subject to foot traffic in the actual structure. Interestingly when
compared to the 95th percentile peak acceleration the error was a maximum of 0.6%
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Table 6.19: Comparison of Design Methods - Imperial Floor Area 2
Mode Dominant Mode (fn = 4.971 Hz, ζ = 0.708)
ISO 10137 apeak= 0.00145g [0.0051g, -71.57%]
French Setra apeak= 0.00986g [0.0051g, 93.33%]
UK NA apeak= 0.000045g [0.0051g, -99.12%]
Brownjohn aRMS= 0.0072 [0.0036g, 99.68%]
Response Spectrum a95%= 0.000915 [0.0004g, 99.68%]
modified ISO 10137 apeak= 0.00482g [0.0051g, -5.49%]
Table 6.20: Comparison of Design Methods - Erina Fair
Mode Dominant Mode (fn = 7.344 Hz, ζ = 0.876)
ISO 10137 apeak= 0.00030g [0.0015g, -80.00%]
French Setra apeak= NA
UK NA apeak= 0.000481g [0.0015g, -67.97%]
Brownjohn aRMS= 0.0016 [0.0011g, 50.87%]
Response Spectrum a95%= 0.002692 [0.0081g, -66.77%]
modified ISO 10137 apeak= 0.00125g [0.0015g, -16.67%]
in all cases. Allowing for some probability of exceedance in the real structure, the ISO
10137 method is considerably accurate. This model provided the closest prediction
when compared to instantaneous peak acceleration and when allowing for some prob-
ability of exceedance. The reduction factor was further developed in this research to
lead to a more accurate, but still conservative response prediction. The reduction fac-
tor is
√
N
0.8N and requires further work by implementation on a range of other structure
with similar natural frequency and with lower natural frequency to further optimise
the factor to allow for a varying reduction factor that is higher at natural frequencies
close to the first harmonic of walking, and lower as the frequency deviates away from
the first harmonic.
The UK NA to EC1 is a very comprehensive treatment of pedestrian foot traffic, the
span reduction factor was approximated to 0.64 for a sinusoidal mode shape in accor-
dance with Zivanovic et. al. (2010), and this resulted in underestimated instantaneous
peak acceleration. The error was -98%, -99% and -68%. Compared to the 95th per-
centile peak acceleration, a maximum error of 1% was found. Future work will focus on
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modifying the span reduction factor for application to floors spanning in two directions.
Due to time constraints thorough analysis and modification of this method for applica-
tion onto floor systems has not been achieved, however the modifications required have
been identified. These modifications will be performed in future research.
The French Setra Guide was not applicable to Erina Fair because it’s natural frequency
was greater than 5 Hz. When applied to Imperial Centre the method did not provide
a consistent error. Most likely because floor area 1 in the Imperial Centre was 5.541
Hz, outside the scope of French Setra Guideline. Further work is required to apply this
method onto floor systems both within the 1 to 5 Hz range, and outside this range.
The Brownjohn method gave overestimates and underestimates on the floor systems,
showing that it requires future work on the coherence factor and mode shape reduction
factor to become a stable method on floor systems. This was still consistent with results
found by (Zivanovic & Pavic 2011). The Response Spectrum Method is appealing
because it applies the same principles as some Earthquake design methods (Zivanovic
& Pavic 2011), the modification factors appear straight forward to modify in future
research. The method was unsuccessful in this research, but it is recommended that the
method be improved to allow higher harmonics of walking for application on structures
other than footbridges.
Overall when the methods from French Setra Guide, UK NA EC1, Brownjohn et al. and
(2004) are applied, the error found in this research is consistent with the error found
on footbridge structures by (Zivanovic et al. 2010), and (Zivanovic & Pavic 2011).
The revised 2012 version of ISO 10137 showed better results than previous reviews
by (Zivanovic et al. 2010), and (Zivanovic & Pavic 2011). The method was further
improved in this research, subject to thorough analysis in the future. Application of
the Response Spectrum Method failed because the natural frequency is outside the
scope of the original method, and some modifications are suggested to include higher
harmonics of walking, and a modification factor for mode shapes of floors spanning two
directions.
Further work is required in the area of impulse excitation on supermarket floor systems,
particularly composite floor systems that exhibit less robustness than their traditional
RC counterparts. With the increased use of composite steel deck and concrete products,
this may prove to be a problematic area.
Chapter 7
Conclusions and Further Work
The purpose of this research was to examine the vibration behaviour of supermarket
floor systems by full-scale in-situ modal testing of the Imperial Centre, Gosford and
Erina Fair, Erina NSW. The aim of this research was to quantify the level of vibration
in the floor systems and accurately represent the typical actions in a supermarket with
suitable excitation models. In this research, OMA techniques were used to identify the
floor systems in service. The initial FEM’s were calibrated to match the actual full-scale
system in service using manual updating, and give an accurate numerical representation
of the floor systems. The floor systems were monitored using X2-2 accelerometer data
loggers (Gulf Coast Data Concepts, 2014). The measured response of the floor systems
were compared to the results obtained from applying a range of excitation models to
the calibrated FEM’s, and an existing excitation model is recommended. The vibration
level in the floor systems are quantified, identifying that the actions in a supermarket
are best represented by a harmonically applied excitation model for multi-person traffic
and impact excitation. The ISO 10137 method gives an accurate representation of
multi-person traffic, and a simplified hand calculation by Ali et al. (2013) allows for
a simple check of the supermarket floor system when excited by the sudden release
of a pallet jack supporting a pallet of materials. It is believed that neither the static
pressure model of 4 kPa or the static point load of 3.6 kN for shopping centre floors
in AS1170.1 accurately allow for these typical actions in a supermarket floor system,
further work is required in this area. Overlooking these dynamic actions may result
in future serviceability problems, it is recommended that the ISO 10137 excitation
models and the impulse excitation model described in Chapter 5 be adopted as interim
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guidance until further work is performed on other multi-person excitation models, and
a more accurate weight, velocity and time of contact is defined for impulse excitation
from sudden release of pallet jacks and similar actions encountered on supermarket
floor systems.
7.1 Achievement of Project Objectives
The specific scope and objectives, listed in Chapter 1 have been addressed in this
research project as follows:
1 An enhanced understanding of the vibration characteristics of supermarket floor
systems by full scale in-situ testing of two supermarket floor systems in service is
achieved through modal testing and vibration monitoring. The vibration charac-
teristics of a composite steel-concrete floor, and a traditional reinforced concrete
supermarket floor are described in Chapter 4.
2 The level of vibration at the Imperial Centre is quantified and the floor systems
serviceability is assessed in Chapter 6.
3 Experimental modal analysis and operational modal analysis of full-scale in-situ
supermarket floor systems is performed while implementing a low cost data ac-
quisition and system identification system. EMA by the instrumented heel-drop
was unsuccessful, whereas OMA techniques successfully identified the natural
frequency, mode shapes and damping in Chapter 4.
4 Comprehensive and calibrated Finite Element Models (FEM’s) of supermarket
floor systems in service were developed and accurately represent the actual built
systems in service. The FEM’s are presented in Chapter 5
5 Existing design procedures were critically reviewed and assessed in Chapter 6.
ISO 10137 sufficiently represents multi-person traffic in supermarket floor sys-
tems and the simple hand calculation method by Ali et al. (2013) can accurately
describe impulse excitation from sudden release of hand operated pallet jacks.
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7.2 Recommendations
From a professional engineers perspective, the ISO 10137 design method is an accurate
multi-person excitation model that can be feasibly adopted by a traditional structural
engineering office because it is a straight forward method that accurately describes
multi-person pedestrian traffic. Complications found with UK NA to EC1, Brownjohn
et al. (2004), and the Response Spectrum Method arose when converting the mode
shape participation factors from a 2 dimensional space, where a mode shape is in 1
direction along span of the footbridge, to 3 dimensions where the mode shape spans
in two directions. However these more sophisticated treatments of multi-person pedes-
trian traffic appear to be promising, when applying justified approximations to these
factors, further work will include modification of the mode shape participation factors.
Unfortunately due to time, thorough modification of these reduction factors was not
achievable. The excitation force from ISO 10137 will lead to a reasonably accurate es-
timate of the real values encountered if applied on an accurate FEM. As a test, the ISO
10137 method could be applied using the first 6 mode shapes in the initial FEM using
damping values recommended in SCI P354. Care should be taken to the selection of
damping, for the Imperial Centre, one might assume that with all the shelves installed
the damping ratio could be taken as 3% of critical damping, however the shelves are
installed across the steel beams and not contributing largely to damping at midspan
of the slab panels, which are far more excitable than the steel beams. Using a ’worst
case scenario’ approach, one could apply a damping ratio of 0.6% damping for Impe-
rial Centre and 0.8% for Erina Fair, which are selected from Tom Irvine’s unpublished
paper that brings together all the estimated damping ratio for various materials, from
a range of sources. In this case I found the damping ratio for composite and reinforced
concrete structures to be reasonably accurate estimates. Applying these damping ratio
and ISO 10137 to the initial FEM’s yields the results expected from an inital FEM, an
underestimate, which will lead to a more conservative design. Showing that with pro-
fessional diligence an initial FEM, that is, the type of FEM that is commonly produced
in a structural design office for most floor structures and not calibrated after modal
analysis, can be used as a means of providing initial estimates for vibration service-
ability. A further note on this issue is that even though care was taken to accurately
represent boundary conditions, material and cross-sectional properties, the Slabs (2014)
model grossly underestimated the natural frequency by almost half, proving that rely-
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ing solely on the output of commercial FEM software may result in large discrepancies
between the numerical model and the real structure, further work will find the reasons
why this large error has occurred. The question is then raised how much can the con-
struction industry gain from an engineer producing such complex and time consuming
calibrated FEM’s to model pedestrian and impact induced vibration of floor systems.
With further work, the simplified calculation method for the floor response to impacts
Ali et al. (2013), and the response to pedestrian vibrations by the Response Spectrum
Method (Ingolfsson et al. 2008b) and (Georgakis & Ingolfsson 2008a) could be used
as two very useful tools to determine whether further analysis by a complex FEM is
required. Further work is required to successfully implement the methods in UK NA
EC1 and Brownjohn et al. (2004), as discussed in Chapter 6.
7.3 Further Work
Unfortunately time constraints did not allow this research project to fully develop a
comprehensive serviceability design method, some interim recommendations are mode
but further work is required in the following areas:
1 Fully develop mode shapes for the Imperial Centre.
2 Apply a MAC between the FEM and measured modeshapes.
3 Further analysis and application of the modified ISO 10137 method to floor structures
with a wide range of natural frequency. The aim of this is to modify the reduction
factor to take into account the varying forcing magnitude at different walking
harmonics.
4 Conversion of the mode shape reduction factors for the UK NA to EC 1 method,
Brownjohn et al (2004) method and the Response Spectrum Method.
4 Provide an estimate to the double integral coherence function in Brownjohn et al.
(2004)
5 Quantification of the impulses encountered on supermarket floors to provide robust-
ness and serviceability evaluation of composite steel deck and concrete floors.
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University of Southern Queensland
FACULTY OF HEALTH, ENGINEERING AND SCIENCES
ENG 4111/4112 Research Project
PROJECT SPECIFICATION
For: Daniel Roy Hatch
Topic: Modal Testing of Existing Supermarket Floor Systems and Predictive Finite
Element Modelling for Better Design
Supervisors: Dr Sourish Banerjee
Enrollment: Faculty of Health, Engineering & Sciences
Project Aim: To investigate the modal properties of existing supermarket floor using
modal testing and predictive finite element modeling. Make a compar-
ison between the predicted numerical response obtained from the finite
element model and the response obtained from analyzing random vibra-
tions in the supermarket floor system.
Programme:
1. Determine the mode shapes and the natural frequency of the existing floor struc-
tures using Strand 7.
Obtain structural engineering plans to build a finite element model in Strand7.
Where plans cannot be obtained, site measurements will be taken to determine
the geometry of the existing structure.
2. Verify the natural frequency of the existing floor structure by performing an
instrumented heel drop modal test. Prior to recording any vibration data, the
optimum position of the accelerometer will be determined by examination of the
FE models. The accelerometers will be set up in a 3x3 grid coinciding with
node points in the FE model. The instrumented heel drop is performed on a
force gauge plate to record the excitation pulses and frequency input into the
structural system. An FRF curve is produced using the signal processing toolbox
in Matlab. Natural frequencies are then obtained from the FRF curve.
The results from the finite element model are verified and adjustments made to
give an accurate representation of the structural system in service.
3. Use finite element modeling to produce a numerical response to walking induced
excitation. Some walking excitation models are;
142
(a) F(t) = P [ 1 + cos (2pi fs t + ) ] (Silva, J.G.S. et al, 2007)
(b) F(t) = P + P sin ( 2pi fs ) (same eqn) (Nimmen, K.V. et al, 2013)
(c) Models in the form of time dependant harmonic force component functions
(similar to (a) and (b) above) and resonance response functions, researched
and developed by Murray, et al for inclusion in AISC Design Guide 11.
4. Collect an actual response due to random vibrations from foot traffic. Setup and
record data from a 3x3 grid of accelerometers in an area where the floor is most
excitable (may be more than one area due to mode shapes).
5. Compare the calculated response to the actual response. A comparison between
response curves, accelerations (velocities and deflections if not too much error is
observed) is made and an equivalent static imposed load is determined.
